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The unusually rapid rate of molecular weight growth in high temperature pyrolysis and 
oxidation of hydrocarbons has presented a substantial challenge to kineticists. 
Although there has been progress recently in characterization of the rapid rate of 
growth, attempts to accurately model the process have been only partially successful. 
For example, the extensive study of Frenklach et all required rate constants for radical 
addition reactions which are several orders of magnitude larger than usually observed 
for these types of reactions. 

There appear to be three possible pathways to rapid molecular growth: 
(1 ) Diels-Alder cycloadditions reactions 
(2) Ion-molecule reactions with their very large rate constants 
(3) Radical addition to unsaturates 

A major difficulty with (1) is that the equilibrium constants for this type of reaction 
suggest that the cyclic product would tend to dissociate to the linear fragments at high 
temperatures where the fast growth is observed. Ionic mechanisms are suspect since 
rapid growth is observed under pyrolytic conditions where the ion concentration would 
be expected to be extremely low. By default, then, our attention (like Frenklach et al) 
have focussed upon radical addition reactions. Previously, we demonstrated2 that 
new reaction channels could open up at higher temperatures in chemically-activated 
reactions like those involving radical addition to unsaturates. 

The methane pyrolysis data of Back and Back3 provided an opportunity to see if 
properly accounting for chemical activation might explain the observed sharp increase 
in rate of reaction at very low extents of conversion at temperatures near 1000K. It was 
possible to explain the observed acceleration4 and to demonstrate that a critical 
feature of the mechanism was the very rapid production of cyclopentadiene via 
chemically-activated pathways. These chemically-activated adducts have enough 
internal energy to react unimolecularly before collisional stabilization can occur; this 
significantly increases the overall rate of production of heavier species because no 
time is required for collisional deactivation and subsequent activation to get to the 
same products. 

This analysis also led to some useful generalizations about features of potential 
energy surfaces which can lead to rapid growth. Specifically, it was found that allyl 
addition to acetylene was critical, while the analogous addition to ethylene was not 
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important, even though ethylene was present in much larger concentrations. Fig. 1 
compares the potential surfaces for these two reactions. Note the differences in the 
energetics. First the well for acetylene addition is deeper by 8 kcal/mole. Furthermore, 
the difference in energy between the linear and cyclic intermediates is greater in the 
acetylene case by about 9 kcallmole. Much of this difference can be attributed the the 
relatively high energy vinyllic radical (C=CCC=C-). Even with respect to final products, 
the acetylene is overall exothermic while ethylene is endothermic. Each of these 
differences contribute to the enhancement for the acetylene reaction. The shallower 
well for ethylene addition will contribute to more stabilization since the barrier to 
cyclization is comparable to the entrance channel, while for acetylene the cyclization 
barrier is 11 kcal/mole lower. Similarly, the difference in energy between linear and 
cyclic intermediates means that the equilibrium constant for the cyclization involving 
C=CCC=C. is more favorable, i. e., by a factor of 60 at 1038K (the temperature of the 
Back and Back experiments), than for the cyclization of C=CCCC*. Thus we expect 
cyclization, whether it occurs via stabilized or energized adducts, to be much more 
favored for the case of C=CCC=C*; under the present conditions, this difference is 
enough to make contributions from allyl addition to ethylene unimportant. In general, 
the shallower wells in the ethylene system, coupled with the greater entropy of the 
reactants relative to the intermediates, favor redissociation of the adducts back to 
reactants, thus making this an inefficient channel for molecular weight growth. 

These observations can be generalized to other addition reactions. The following 
factors should increase the probability that direct production of cyclic species can 
occur via an energized-complex mechanism: 

(1) A deep well for the linear adduct-this will tend to make the barrier to 
cyclization lower than the entrance barrier, thus increasing its unimolecular 
rate. 

(2) An increase in the exothermicity of the cyclization reaction-this is needed to 
offset the entropy loss upon cyclization. 

(3) A final cyclic product with high stability-this will result in low energy exit 
channels relative to the entrance and will lead to faster unimolecular rates. 

One such system where these factors are especially significant is the formation of 
benzene via the sequence: 

1-CqHg + C2H2 = 1-CgH7 = cyclohexadienyl = benzene + H. (A)  

The potential energy diagram is shown in Fig. 2. Here the linear adduct is seen to 
gave a much deeper well than that resulting from the allylic addition shown in Fig. 1. 
Here the adding radical is vinyllic, as contrasted to the resonantly stabilized allyl; thus 
there is no loss of resonance upon addition as is the case with allyllic species. The 
cyclization is also much more favored in the benzene system since the combination of 
an unstable vinyllic linear radical and a very stable cyclic radical results in an 
exothermicity of 43 kcal/mole for the cyclization. Furthermore, note that the final exit 
channel for benzene production, due to its unusual stability as an aromatic molecule, 
is much lower than the entrance channel. As a result, this path to benzene can be 
very important. In fact, at 1 atm and 1200K, the rate of production of benzene via the 
direct reaction of the energized complex accounts for over 90% of the total reaction of 
the initially formed linear adduct. Here the overall exothermicity is sufficient to 
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compensate for the loss in entropy upon cyclization. Such compensation is 
particularly important at high temperatures where the TAS term plays a larger role. 

Another interesting issue in molecular weight growth is the possibility of isomerization 
of methyl-cyclic C5 compounds to cyclic c6 compounds. Such isomerizations were 
considered in chlorobenzene pyrolysis to explain observed production of minor 
amounts of cycl~pentadiene~. Given the prediction of cyclopentadiene production in 
methane pyrolysis, Fig. 3 suggests a possible route to benzene from cyclopentadiene. 
The recombination of the cyclopentadienyl radical with methyl is quite likely in these 
systems since both species are likely to build up to quite high concentrations, relative 
to other radicals, since the are no facile dissociation chaannels available. Note the 
production of methyl-cyclopentadienyl is only 8 kcallmole endothermic. Once formed it 
can undergo beta-scission to form fulvalene. H-atom addition to the fulvalene (to the 
opposite end of the double bond) leads to the cyclopentadienylmethyl radical, which 
would be expected to quickly convert, over a series of low barriers, to benzene. This 
analysis would suggest that one really needs to consider formation .of both 5 and 6 
membered rings as the starting points for aromatics formation. 

In an effort to better understand the detailed kinetics of molecular weight growth, we 
have used a molecular-beam sampling mass spectrometer (MBMS) to directly observe 
reactants, products, and reactive intermediates in hydrocarbon pyrolysis and 
oxidation6. A key component of this approach is use of photoionization at 10.5 ev., 
obtained by tripling the tripled (355 nrn) out of a YAG laser. It is then possible to 
minimize fragmentation, substantially improving one's ability to observe free radicals 
that would otherwise be obscured by parent fragments. A schematic of the 
experimental set-up along with typical data from 1-butene pyrolysis is shown in Fig. 4. 
This system has been used to observe the production of both C5 and c6 species 
during pyrolysis and oxidation of C4 molecules. In a typical experiment, the 
temperature is slowly increased at constant residence time and the molecular weight 
growth is monitored as one goes to higher conversions. A particularly interesting 
observation was that the allyl radical concentration was observed to decline at 
temperatures where C5 and c6 molecules were initially observed to be produced. We 
are now comparing these results with our detailed models of molecular weight growth. 

An analysis of benzene production in low pressure flames' led to the identification of 
several radical addition reactions that might account for the observed production. One 
such path was that considered above in (A). This path was chosen by comparison of 
the measured concentrations C4H5 and C2H2 to the rate of benzene production. 
However, since C4H5 was measured with a mass spectrometer, it was not possible to 
distinguish 1-C4H5 from 2-CdH5. If these two isomers were equilibrated and if the 
secondary radical were much more stable, one would expect the majority of the 
measured C4H5 to be the secondary radical, which is not expected to rapidly form 
benzene, and this particular route would be unimportant. [However, it is important to' 
note that the secondary radical can add to acetylene to form a fulvalene radical, and 
thus it might be converted to benzene in a second step, as discussed above.] Thus a 
critical issue, as yet not completely resolved, is the relative stability of these two 
isomers. At first glance, it might appear that the secondary radical would be much 
more stable, since the unpaired electron could be stabilized by the adjacent double 
bond. Indeed, The Sandia Thermodynamic database8 indicates a normal resonance 
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stabilization (1 2 kcal/mole) in the secondary radical. However, the rotation required 
here would disrupt the conjugation in the system as well as result in the relatively high 
energy allenic structure (1,2 butadiene is 12.5 kcallmole less stable that 1,3 
butadieneg). Thus, it might appear that the normal resonance stabilization could be 
offset, and the energies of two isomers could be quite close. We feel this is an area 
which warrants further investigation. For the flame work considered here, benzene 
production occurs near 1500K. This implies that a difference in stability of 3 kcallmole 
in the two isomeric forms would result in 42% of the C4H5 as the primary isomer, 
meaning that this could be a major route to benzene. However, a difference of 12 
kcalhnole. i. e., a typical resonance stabilization energy, would mean that only 4% of 
the primary isomer would be present at equilibrium; thus ruling out this direct path to 
benzene in this flame. 
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1. I n t r o d u c t i o n  
Ethynyl  r a d i c a l  ( C r H I  h a s  been  r e c o g n i z e d  as  a n  i m p o r t a n t  

precursor of  s o o t  f o r m a t i o n  i n  t h e  p y r o l y s i s  o f  a c e t y l e n e  a n d  i s  
a l so  b e l i e v e d  t o  b e  i m p o r t a n t  i n  t h e  f o r m a t i o n  o f  i n t e r s t e l l e r  
m o l e c u l e s .  The r a t e  c o n s t a n t s  o f  t h e  e l e m e n t a r y  r e a c t i o n s  of C 2 H  
w i t h  C2 H2 and H2 , 
and 

h a v e  been  measured by s e v e r a l  g r o u p s  a t  room t e m p e r a t u r e ,  however ,  
some d i s a g r e e m e n t  among them were i n d i c a t e d  I ) - 4  ’ , a l s o  no d i r e c t  
d a t a  are a v a i l a b l e  at  h i g h  t e m p e r a t u r e  r a n g e  e x c e p t  for t h o s e  
b a s e d  on  i n d i r e c t  measurement  on  t h e  p y r o l y s i s  of  C z H 2 5 ) ,  or f rom 
s p e c u l a t i v e  s i m u l a t i o n s ’  . 
As t h e  f l a s h  p h o t o l y s i s  w i t h  i n t e n s e  e x c i m e r  laser r a d i a t i o n  
combined w i t h  s h o c k  wave h e a t i n g  t e c h n i q u e  h a s  e n a b l e d  us t o  g e t  
d i r e c t  i n f o r m a t i o n  o n  t h e  d e t a i l s  o f  radical r e a c t i o n s  a t  
h i g h  t e m p e r a t u r e  r a n g e ,  t h e  p r o c e s s e s  ( 1 )  a n d  ( 2 )  have been 
examined i n  t h i s  s t u d y .  I n  a d d i t i o n ,  f l a s h  p h o t o l y s i s  s t u d i e s  
a t  room t e m p e r a t u r e  w i t h  a m a s s  s p e c t r o m e t e r  have  been p e r f o r m e d  
t o  e n s u r e  t h e  t e m p e r a t u r e  d e p e n d e n c e s  o n  t h e s e  r e a c t i o n  p r o c e s s e s  
a t  w i d e r  t e m p e r a t u r e  r a n g e .  Thus ,  t h e  k i n e t i c  i n f o r m a t i o n s  
d e r i v e d  i n  t h i s  work may b e  v e r y  u s e f u l  b o t h  i n  t h e  f u n d a m e n t a l s  
of c h e m i c a l  k i n e t i c s  as  w e l l  a s  i n  t h e  n u m e r i c a l  s i m u l a t i o n s  o f  
p r a c t i c a l  c o m b u s t i o n  s y s t e m s .  

2 .  E x p e r i m e n t a l  Sys tem 
The d e t a i l s  of  t h e  e x p e r i m e n t a l  s y s t e m s  were d e s c r i b e d  i n  o u r  

p r e v i o u s  p u b l i c a t i o n s ”  8 ’  Two i n d e p e n d e n t  e x p e r i m e n t a l  s y s t e m s  
h a v e  been u s e d  i n  t h i s  s t u d y :  an e x c i m e r  l a s e r  p h o t o l y s i s  b e h i n d  
s h o c k  waves was u s e d  to  s t u d y  t h e s e  r e a c t i o n  p r o c e s s e s  a t  
e l e v a t e d  t e m p e r a t u r e s  ( a b o v e  1000 li), w h e r e ,  hydrogen  a toms 
produced  i n  t h e  r e a c t i o n s  w e r e  m o n i t o r e d  by u s i n g  atomic r e s o n a n -  
c e  a b s o r p t i o n  s p e c t r o s c o p y  (ARAS), and  a n  e l e c t r o n  impact  i o n i z a -  
t i o n  mass s p e c t r o s c o p y  was used  t o  measure  t h e  r a t e  c o n s t a n t s  and  
examine t h e  r e a c t i o n  p r o d u c t s  a t  room t e m p e r a t u r e .  
For t h e  h i g h  t e m p e r a t u r e  e x p e r i m e n t ,  a d i a p h r a g m l e s s  shock  t u b e  
of 5 cm i . d .  made o f  s t a i n l e s s - s t e e l  w a s  u s e d .  Sample g a s e s  w e r e  
i r r a d i a t e d  by a n  ArF laser ( Q u e s t e k  V - 8 ,  a b o u t  1 5  n s  p u l s e  
d u r a t i o n )  t h r o u g h  a r e c t a n g u l a r  q u a r t z  window (4cmxlcm) l o c a t e d  
at t h e  e n d  p l a t e  a f t e r  b e i n g  h e a t e d  by r e f l e c t e d  s h o c k  waves.  
C z H 2  was p h o t o d i s s o c i a t e d  by t h e  UV laser r a d i a t i o n  t o  form C2H 
and H. I n  t h e  h i g h  t e m p e r a t u r e  e x p e r i m e n t ,  t i m e  dependence  o f  H 
a toms p r o d u c e d  i n  t h e  p h o t o l y s i s  ( i n  t h e  r a n g e  of  101 I-10’2 

Can2 t C2 H + C d  H2 t H 11) 

C 2 H  t H 2  + Cz Hz + H  ( 2 )  
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molecules/cmj ) were monitored by an atomic resonance spectroscop- 
ic system (ARAS) at 121.6 nm. Absolute concentration of H atoms 
were decided by using a calibration curve which was decided by 
conducting thermal decomposition experiment using H2-Fi2O-Ar 
mixtures. The main advantage of the diaphragmless type shock tube 
is its excellent reproducibility of the shock heated condition: 
signal averaging at a fixed shock condition, when required, and 
plotting first-order rate against the concentration of the 
reacting partner in deciding the bimolecular rate constant were 
performed in this study to improve the quality of the kinetic 
informations. 
The 193 nm photolysis experiemnt at room temperature was 

conducted in a slowly flowing pylex tube of 1.5 cm i.d. Sample 
gases &‘ere directly introduced into the vacuum chamber through a 
pinhole of lOOum i.d. and continuously detected by an electron- 
impact ionization mass spectrometer (Anelva TE 6OO-Sl.The ion 
signa1.s froma secondary electron multiplier operated under pulse- 
counting conditions were recorded with a gated counter following 
pulse amplification and discrimination. Time dependence of the 
individual mass peak was obtained by scanning the delay time of 
the gat.e w.ith the fixed gate width of 50 or 100 u s .  Signals were 
averaged over 10’ laser shots for each run. 

3. Experimental Results 
Firstly, the reactions of CzH produced by an ArF laser 

photolysis in the mixtures of CzHz and C2Hz+Hz highly diluted in 
Ar were studied behind reflected shock waves. 
Typical oscillogram traces for the ARAS esperiment behind .shock 
waves are shown in Fig.3. The absorption intensity at 121.6 nm 
incresed when shock waves passed through the observation section 
due to C2H2. With a proper delay time (typically 50 us) after the 
shock wave passage, ArF laser was fired and the rapid increment 
of the absorption intensity was observed by the production of H 
atoms by the photolysis of CEHZ: then, the intensity gradually 
increased to a steady state with a single-exponential profile. 
The detailed mechanisms for the photodissociation of CPHP by 

193 nm laser has not been clarified yet. In this study, the rate 
of the incremnt of H atoms following the photolysis was not 
affected by the intensity of the ArF laser and, also the 
concentration of H atoms at steady state was always equal to 
about twice of that initially formed by the photolysis: moreover, 
the concentrations of the initial H atoms produced by the ArF 
laser photolysis was approximately proportional to the input 
laser energy, i.e., the ratio of (H) produced in the flash 
photolysis to the initial concentration of C2H2, (H)/(CeHe )e  
varied from about 0.15% to 1 X for the input laser powers of 10 
to 60 mJ/cmz over the temperature range of 1000-2000 K. Thus, the 
multiphoton process that lead to the production of C2+2H was 
concluded to be unimportant at this input energy ranges’. It 
was also confirmed that the rise rates of H atoms were proportio- 
nal to both the initial concentration of CzHz and that of added 
H 2 ,  as are shown in Fig.4 and Fig.5. 
Based on these experimental evidences, it was assumed that the 
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initial concentration of H atoms produced by the 193 nm 
photolysis was equal to that of CzH(X2E' ) at the present 
experiment: the quenching rate of the possible electronically 
excited C2H(A?n) produced in the photolysis was supposed to be 
sufficiently fast in the time scale of the shock wave experiment. 
Thus, the informations on the time dependence of H atoms should 
be directly related to those for (1) or ( 2 ) :  the rate constants 
for these processes were evaluated from the slopes of the plot of 
the first order rate against initial concentrations of C2H2 and 
H' shown in Fig.4 and Fig.5, respectively. 
The results are summarized as, kl = (6.6*1.1)xlO-Il (cmjmolecule-1 
s - 1 )  over T 1260-2487 K without appreciable temperature 
dependence, and ki = (3.3~10-10) exp(-13.8 kcal mol-!/RT) (cm3 
molecule-! 8-1 ) over T = 1565-2218 K .  In order to check the 
sensitivity of the side reactions in these experimental 
conditions, numerical computations including 11 elementary react- 
ions were performed at some typical experimental runs; no 
effective contribution from the side reactions was found in 
evaluating k! and k2. 
The reaction processes ( 1 )  and ( 2 )  were examined by the 193 nm 

photolysis also at room temperature, where the time dependent 
concentration of C4H2 was monitored by an electron-impact mass 
spectrometer with an electron energy of 20 eV. 

For the experiment on CrH2-Ar mixtures, as is shown in Fig.6, 
when CnHz was irradiated by 193 nm, the concentration of C4H2 (m/e 
= 5 0 )  increased exponentially towards steady level, and the rise 
rate of it linearly depended on the initial concentration of 
C2H2. From the slope shown in this figure, the rate constant was 
decided as, kl = 4.6~10- I I (cmi molecule-' s- I ) at 293 K .  This 
value is consistent with that at high temperature range. 
'When sufficient amount of H2 was added to the C2Hz - A r  mixtures, 
the rise rate of C4H2 became too large to decide the rate 
constant for ( 2 )  accurately. However, the experimental 
conditions were chosen so that the effect of the side reactions 
except ( 1 )  and ( 2 )  could be neglected (as was already noted 
avobe), then the reaction rate constant for ( 2 )  could be decided 
by measuring the steady state concentration of C I H ~  , (C, Hi ). with 
the following relation, 

where, (CzH)* is the initial concentration of CiH produced by the 
ArF photolysis. Fig.7 shows the validity of this relation. The 
experiment was conducted with 0.63 and 0.74 Torr partial pressure 
of CzHz and the energy of 193 nm laser was fixed to 12 mJ/cm2, 
where, the pressure of Hn was varied from 0 to 310 mTorr: the 
rate constant for ( 2 )  estimated from the slope of this plot was, 
b = 4.83~10-1' (cmJmolecule-~ 8-1 ) at 293 K. 

4 .  Discussion and Comparison with The Previous Results 
The present results on kl together with the previous ones are 

summarized in Fig.8. The present results agree well with that by 
Frank and Just5' at high temperature range and also with those by 
Lange and Wagner'' and Laufer and Bass" at room temperature: it 
is not clear why only the rate constant measured by Stephens et 
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a l , "  who m o n i t o r e d  t h e  c o n c e n t r a t i o n  o f  G I H  by c o l o r  c e n t e r e d  
laser was a b o u t  5 t i m e s  f a s t e r  t h a n  t h e  p r e v i o u s  s t u d i e s z , ; ;  or 
p r e s e n t  r e s u l t .  They a t t r i b u t e d  t h i s  d i f f e r n c e  o f  t h e  r a t e  
c o n s t a n t s  t o  t h e  f o r m a t i o n  o f  t h e  i n t e r m e d i a t e  s p e c i e s ,  however ,  
more d i r e c t  e v i d e n c e  may be r e q u i r e d  t o  s u p p o r t  t h i s  mechanism. 

The o t h e r  i m p o r t a n t  r e a c t i o n  i n  t h e  i n i t i a t i o n  s t a g e  o f  C 2 H 2  
p y r o l y s i s  ( 2 )  h a s  been  s t u d i e d  by s e v e r a l  g r o u p s  b u t  t h e  r a t e  
c o n s t a n t  o f  i t  shows s u b s t a n t i a l  d i s a g r e e m e n t  e a c h  o t h e r '  ' - '  ' : 
t h e  r e a c t i o n  i n t e r m e d i a t e  w a s  d i s c u s s e d  i n  o r d e r  t o  e x p l a i n  t h e  
d i f f e r e n c e  between t h e  rate o f  r e a c t a n t  and p r o d u c t s .  As c a n  be 
s e e n  i n  Fig.9, t h e  p r e s e n t  r e s u l t  on  lir a t  room t e m p e r a t u r e  w a s  
s m a l l e r  t h a n  t h e  p r e v i o u s  o n e s .  T h i s  p r o c e s s  is  s u p p o s e d  t o  have 
s u b s t a n t i a l  t e m p e r a t u r e  dependence  b e c a u s e  o f  t h e  e n e r g y  b a r r i e r  
o f  t h e  t r a n s i t i o n  s t a t e .  No d i r e c t  e x p e r i m e n t a l  d a t a  at  h i g h  
t . empera ture  a r e  a v a i l a b l e ,  a l t h o u g h  some s p e c u l a t i v e  r a t e  
c o n s t a n t  h a s  been  used  i n  t h e  computer  s i m u l a t i o n s s '  . The r a t e  
c o n s t a n t  s u g g e s t e d  i n  t h e  p r e v i o u s  works h a s  shown h i g h l y  non- 
A r r h e n i u s  tempera t .ure  dependence .  Our r e s u l t s  a t  h i g h  
t e m p e r a t u r e  r a n g e  h a s  c o n s i d a r a b l y  l a r g e  t e m p e r a t u r e  d e p e n d e n c e ,  
t h u s ,  t h e  e x t r a p o l a t i o n  o f  them t o  t h e  room t e m p e r a t u r e  r a n g e  
g i v e s  much s m a l l e r  r a t e  c o n s t a n t  t h a n  t h o s e  d i r e c t l y  measured .  
Such non-Arrhemius t e m p e r a t u r e  dependence  o f  t h e  rate c o n s t a n t  
f o r  ( 2 )  w a s  d i s c u s s e d  by Harding  e t  a l .  b a s e d  o n  t r a n s i t i o n  s t a t e  
p r o p e r t i e s  of  CpH e s t i m a t e d  by a b  i n i t i o  c a l c u l a t i o n ' 0 '  . Although 
t h e  o b s e r v e d  a c t i v a t i o n  e n e r g y  i n  t h i s  s t u d y  (13.8 k c a l / m o l )  w a s  
much l a r g e r  t h a n  t h a t  e s t i m a t e d  i n  POL-GI c a l c u l a t i o n  ( 4 . 0  
k c a l / m o l l ,  t h e  TST t h e o r y  seems c o n s i s t e n t  w i t h  t h e  p r e s e n t  
e x p e r i m e n t :  i t  is s u g g e s t e d  t h a t  t h e  l a r g e  t e m p e r a t u r e  dependence  
o f  t h e  r a t e  c o n s t a n t  f o r  ( 2 )  was b r o u g h t  b o t h  by t h e  t e m p e r a t u r e  
dependence  o f  v i b r a t i o n a l  p a r t i t i o n  f u n c t i o n  o f  t h e  t r a n s i t i o n  
s t a t e  ( h i g h  t e m p e r a t u r e  r a n g e )  and  t u n n e l i n g  e f f e c t  (low t empera-  
t u r e  r a n g e ) .  
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2 A schematic of the laser photolysis - mass specrometer 

system used in the room temperature experiment 
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a: 86 ppm C2H2 in A r ,  T = 1758 K, p = 1.92 atm. 
b:  21 ppm CzHz + 400 ppm Hz in Ar, T = 1639 K, p = 1.33 atm. 
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Fig.4 Dependence of the rate 
of increment of H atoms on the 
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Fig.5 Dependence of the rate 
of increment of H atoms on the 
initial concentration of H~ 
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diluted in Ar, PI  =20 T o r r )  
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Fig.6 First order production rates of C.H2 as a function of C2H2 

concentrations. A time profile shown in the figure was 
taken with (CaH2)0=8.6x10’2 molecules/cm3. 
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Fig.7 P l o t  of [1-(C2H)o/(C.H2)ol(C2H2) vs (H2). Slope of this 
P l o t  is equal to k2/kl (see Eq.(3)). o;(C2H2)=0.2J m T o r r ,  
O ; ( C ~ H 2 ) = 0 . 6 3  mTorr ,  ~ ; ( C ~ H ~ ) = 0 . 7 4  m T o r r .  
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QUENCHING OF DIACETYLENE FORMATION DURING THE REACTION OF 
OXYGEN ATOMS WITH ACETYLENE AT 300 K 

David E. Phippen and Kyle  D. Bayes 
Department of Chemistry and Biochemistry 

University of California,  Los Angeles, CA 90024-1569 

IcE?IwoRDS: diace ty lene ,  acetylene,  oxygen atoms 

ABSTRACT 

The production o f  diacetylene i n  t h e  low pressure reac t ion  of 
oxygen a t o m  with acetylene was monitored with a photoionization mass 
spectrometer. The addi t ion  of methane, n i t rous  oxide or molecular 
hydrogen quenched t h e  formation of diacetylene.  Stern-Volmer k ine t i c s  
were observed, which implies t ha t  both acetylene and t h e  quenching gas 
compete f o r  a s i n g l e  reac t ive  intermediate. This quenching appears t o  
be closely connected with t h e  quenching of chemi-ionization reported 
previously (Cbem. Pbys. Lett. 164, 625 (1989) ) . Quan t i t a t ive  
comparisons of quenching r a t e s  with known r a t e  constants suggest t h a t  
CH(X2n) is t h e  intermediate involved. Application of an electric 
f i e l d  t o  t h i s  system had no a f f ec t  on the  diacetylene concentration, 
showing t h a t  chemi-ions a r e  not involved i n  C4H2 formation. 

INTRODUCTION 

Diacetylene (C4H2) is  an important intermediate i n  t h e  combustion 
of acetylene and o ther  hydrocarbons, espec ia l ly  f o r  fue l - r ich  
conditions [l-51. As much as 35% of t h e  acetylene consumed i n  a flame 
may pass through C4H2 [ 4 1 .  I t  has been argued t h a t  diacetylene and 
heavier polyacetylenes a r e  precursors of soot [1,41,  although others  
do not support t h i s  proposal. 

t he re  is agreement t h a t  t h e  mechanism of diacetylene formation is 
complex [6-81. The i n i t i a l  r a t e  of formation of CqH2 is proportional 
t o  the  product of concentrations [O] [C2H I ,  and t h i s  r a t e  can be 
accelerated by adding hydrogen atoms o r  i nh ib i t ed  by adding O2 o r  H ~ .  

established. The reac t ion  usually proposed is, 

The atomic oxygen-acteylene system has been s tudied  extensively and 

The reac t ion  t h a t  forms diacetylene i n  flames has not been c l ea r ly  

and t h i s  reac t ion  is known t o  be f a s t  [ 9 ] .  However, a reasonable 
source of C2H rad ica l s  i n  flames is not known. 
abstract ion,  favored i n  t h e  past ,  

The direct 

0 + C2H2 - > C2H + OH 

is now known t o  be endoergic by 30 kca l  mol-' [lo], and thus  can be 
ignored except f o r  very high temperature combustion. 

We have extended e a r l i e r  quenching s tudies  [ l l ]  i n  an attempt t o  
c l a r i f y  t h e  mechanisn by which diacetylene is  formed during acetylene 
combustion. 
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EXPERIMENTS 

Oxygen atoms were made by discharging a flowing mixture of  0.5% C02 
i n  He  i n  a microwave discharge (2450 MHz). T i t r a t i o n  with NO2 showed 
t h a t  t h e  typ ica l  [ O ]  was 3 mTorr. Acetylene, a l s o  d i l u t e d  i n  He,  and 
other  quenching gases were added upstream of  t h e  pinhole t o  a 
photoionization mass spectrometer. The diacetylene was photoionized 
by Lyman a rad ia t ion  (10.2 eV) and detected a t  mass 50. The t o t a l  
pressure was kept constant a t  3 Torr as  the  quenching gases  were added 
by varying t h e  H e  flow. Further experimental d e t a i l s  a r e  given 
elsewhere [12]. 

RESULTS and DISCUSSION 

We have observed t h a t  adding methane, n i t r o u s  oxide o r  molecular 
hydrogen t o  the 0 + C2HZ system quenches t h e  formation of diacetylene.  
These quenching molecules are r e l a t i v e l y  i n e r t  t o  a t t a c k  by oxygen 
atoms a t  300 K f o r  t h e  shor t  contact times (<15 ms) used i n  t h i s  
study. 

For methane and n i t rous  oxide t h e  quenching followed a simple 
Stern-Volmer law, as can be seen i n  Figure 1. The quenching 
eff ic iency depends on t h e  p a r t i a l  pressure of acetylene present .  
o r ig ina l  da ta  a r e  recorded elsewhere [121. 

Simple Stern-Volmer p l o t s  suggest t h a t  both acetylene and t h e  
quencher molecule a r e  competing for  t h e  same intermediate. I f  t h e  
intermediate, I, r e a c t s  with acetylene, a molecule of diacetylene is 
formed (not necessar i ly  i n  a s ing le  s t e p ) .  

The 

I + C2H2 - > --> C4H2 (3)  

I + Q  > other  products ( 4 )  

I > other  products . (5) 

Reaction between I and quencher molecule Q does not r e s u l t  i n  
diacetylene formation. Reaction (5) is included t o  allow loss of I by 
other  react ions,  on t h e  walls, etc. 

I f  it is assumed t h a t  t h e  addition of Q does not  a f f e c t  t h e  rate of 
formation of I, then react ions 3, 4 and 5 lead t o  t h e  steady state 
expression, 

I 
i 

where [C4H2Io r e f e r s  t o  t h e  diacetylene s igna l  when no quencher gas  i s  
present .  The quenching da ta  for  methane and n i t r o u s  oxide have been 
f i t  t o  Equation A using l e a s t  squares. 

I f  Equation A is va l id ,  t h e  inverse of t h e  s lopes of  t h e  
Stern-Volmer p l o t s  should depend l i n e a r l y  on t h e  acetylene 
concentration. 
t h i s  simple model, t h e  slopes of  t h e  l i n e s  i n  Figure 2 then give t h e  
r a t i o s  f o r  k3/k4 and t h e  in te rcepts  give k5/k4. 

A test of t h i s  re la t ionship  is shown i n  Figure 2. For 

Values f o r  these  k3/k4 

1401 



r a t i o s  are col lec ted  i n  Table I. 

ni t rous oxide and so more of it was necessary t o  give s ign i f i can t  
quenching. The r e s u l t i n g  Stern-Volmer p l o t s  w e r e  s l i g h t l y  concave 
downward. It is not c l e a r  i f  t h i s  ind ica tes  t h a t  a more complex 
quenching mechanism is  needed, or t h a t  some o ther  e f f e c t  r e su l t i ng  
from the l a rge  concentrations of Hp is involved. I t  is  known t h a t  
hydrogen atoms promote the  formation of diacetylene [ E l ,  and it is  
possible t h a t  t h e  l a r g e  H2 concentrations could r e s u l t  i n  hydrogen 
atom being produced (e.9. by co l l i s iona l  d i ssoc ia t ion  of H2 by 
CO(a3n),  which is produced i n  t h i s  system [131, or by radical  a t tack  
on H ) .  
t he  %orm, 

Molecular hydrogen was a less e f f i c i e n t  quencher than  methane or 

The hydrogen quenching curves could be f i t  t o  equations of 

By analogy t o  Eqn. A, the rec iproca l  of was p l o t t e d  against  t h e  
acetylene concentration, and t h e  r e su l t i ng  poin ts  a r e  cons is ten t  with 
a s t r a igh t  l i n e  (Fig. 2 ) .  The slope of t h i s  l i n e  is entered i n  Table 
1 under k3/k4 f o r  hydrogen with the  understanding t h a t  t h i s  assignment 
is  tentat ive.  

The second column of numbers in  Table 1 gives the  r a t i o  of k3/kq i f  
t h e  intermediate I is t h e  ground s t a t e  CpH radical .  
present study, t he  precursor t o  diacetylene r eac t s  with methane only 
2 . 1  times slower t h a t  it does with acetylene, while C2H r eac t s  50  
t i m e s  slower. The t e n t a t i v e  r a t i o  fo r  hydrogen is a l s o  not compatible 
with the intermediate being C2H. Unfortunately, t h e  r a t e  constant fo r  
C2H reac t ing  with N 0 has not been measured yet .  
of the f i r s t  two cofumns of Table I, w e  conclude t h a t  t h e  intermediate 
I is not  t h e  C2H r a d i c a l .  

The CH r ad ica l  has  been proposed by HOmaM and Schweinfurth a s  one 
of t he  precursors lead ing  t o  diacetylene [ e l .  The t h i r d  column of 
Table I g ives  t h e  r a t i o s  of k3/kq for CH(X2n) .  I n  comparing t h e  f i r s t  
and t h i r d  columns o f  T a b l e  I, better agreement is seen, although the  
values f o r  hydrogen still d i f f e r  s ign i f i can t ly .  

A more impressive comparison can be made between t h e  quenching of 
chemi-ionization repor ted  previously f o r  t h i s  system [111 and t h e  
quenching of d iace ty lene .  The f r ac t ion  of t he  chemi-ionization tha t  
can be quenched follows a Stern-Volmer law, and a p lo t  of t he  
reciprocal of t h e  Stern-Volmer slopes vs.  acetylene looks very s imi la r  
t o  the  present  Figure 2.  In  pa r t i cu la r ,  fo r  methane quenching, the 
l i n e s  show iden t i ca l  slopes,  i.e. iden t i ca l  values f o r  k3/k4. 
Quenching by N20  a l s o  agrees c lose ly  ( k3/kq = 3.5 f o r  chemi-ionization 
quenching, compared t o  4.8 i n  Table I ) .  Since t h e  quenching of the  
chemi-ionization almost ce r t a in ly  involves reac t ion  with the  CH (X%) 
radical,  t h i s  s t rengthens  t h e  case fo r  CH being a precursor t o  
diacetylene. 

The s i m i l a r i t y  of quenching of chemi-ions and diacetylene r a i s e s  
t h e  p o s s i b i l i t y  t h a t  chemi-ions might be precursors t o  diacetylene.  
This poss ib i l i t y  was t e s t e d  i n  a r ad ia l  e l e c t r i c  f i e l d  reactor ,  with a 
pinhole leading t o  t h e  photoionization mass spectrometer. 
diacetylene s igna l s  with and without an electric f i e l d  (4.8 Townsend) 

According t o  t h e  

From t h e  comparison 

The 
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were careful ly  compared; 
(<%I.  The smaller peak a t  mass 52 (C4H4) a l s o  d i d  not  change. Since 

t h i s  electric f i e l d  w i l l  reduce t h e  residence t i m e  of  t h e  chemi-ions 
by approximaetly a f a c t o r  of 100, we must conclude t h a t  chemi-ions a r e  
not precursors t o  t h e  observed diacetylene i n  t h i s  system. 

In t h e  HOmaM and Schweinfurth mechanism [El, t h e  CH r a d i c a l  r e a c t s  
with acetylene t o  form C3H2, which subsequently r e a c t s  with an oxygen 

The diacetylene i s  then formed when C2H r e a c t s  with 
another acetylene (Reaction 1). I f  t h i s  were the  cor rec t  m e c h a n i s m ,  
then adding a quenching molecule t h a t  could r e a c t  with both CH and C2H 
should give Stern-Volmer p l o t s  t h a t  curve upward. The magnitude of 
t h i s  effect can be seen i n  Figure 3, where the s o l i d  curves show t h e  
expected behavior f o r  methane quenching using known r a t e  constants  f o r  
C2H and a l i n e a r  term t h a t  f i t s  t h e  i n i t i a l  s lope.  The lack of 
curvature i n  t h e  experimental po in ts  suggests t h a t  sequent ia l  
quenching of two precursors  is not important f o r  t h i s  system. 

quenching molecules, then it i s  very l i k e l y  t h a t  t h e  react ion,  

no change i n  i n t e n s i t y  could be observed 

' atom t o  form C2H. 

I f  CH(X%) is  t h e  rad ica l  t h a t  i s  being intercepted by t h e  var ious 

C H ( X 2 X )  + C2HZ --> C3H2 + H (6) 

is the  next s t e p  i n  forming diacetylene.  Reaction 6 is s u f f i c i e n t l y  
exoergic t o  form any one of t h e  three  isomers of  C3H2. 
and trapping s tudies  have shown evidence f o r  C3H i n  flames [3,14]. 
However, very l i t t l e  is known about t h e  k i n e t i c  tehavior  of  any of 
these isomers. 
be speculative a t  t h i s  t i m e .  
t h e  following intermediates  t h a t  a r e  known t o  be  present  i n  t h i s  
system could donate a carbon atom t o  C3H2 t o  give diacetylene i n  an 
exoergic react ion:  C; C20; CH; vinyledene; CH2; HC20; o r  C3H2 itself. 

CONCLUSIONS 

Direct sampling 

t o  diacetylene can only The mechanism leading from C3H 
However, it shoutd be noted t h a t  any of 

The present quenching s tudies ,  espec ia l ly  t h e  r e s u l t s  with methane 
which a re  t h e  most extensive, do not support C2H as t h e  precursor  t o  
diacetylene i n  t h e  oxygen atom-acetylene system. 
present r e s u l t s  w i  h those from a previous chemi-ion quenching study 

Quenching by molecular hydrogen i s  anomalous and is  not understood. 
Clearly chemi-ions do not  p a r t i c i p a t e  i n  t h e  formation of diacetylene.  
Kinetic s tud ies  need t o  be done on t h e  C3H2 isomers t o  understand t h e  
next s t e p  i n  t h e  formation of diacetylene i n  t h i s  system. 

Combining t h e  

suggests t h a t  CH(X 5 z) i s  t h e  intermediate t h a t  i s  being quenched. 

I 
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Table I: Comparison of Experimental  Ra t ios  of k3/k4 with 
Ratios of Known Rate  Cons tan t s .  R a t e  c o n s t a n t s  f o r  C2H w e r e  
taken from 191 and from Lander et a l .  (J. P h y s .  Chem. 94, 1759 
(1990)). Rate cons tan ts  f o r  CH(X2n) were taken from the  review by 
Sanders and L i m  ( C h e m i c a l  K i n e t i c s  of S m a l l  O r g a n i c  R a d i c a l s ,  Vol. 
3, ed .  2. Alfass i ,  CRC Press,  BOca Raton, 1986, p. 103) .  95% 
confidence l i m i t s  f o r  kg/kq a r e  shown. 

Exper imenta l  r- If intermediate is 7 
Quencher k 3 4  C2H CH (X’n) - 

CH4 2.7 k 0.5 50 4.1 

N2Q 4.8 f 0.9 ? 5.4 

H2 17 rf: 7 340 >400 
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Figure 1: Stern-Volmer Plot of Diacetylene Quenching by 
Methane. 
acetylene: circles 3.9 mTorr; squares 8 . 4  mTorr; triangles 14 mTorr. All 
runs had [O] of 2.7 mTorr and 3 Torr t o t a l  pressure. The least  squares 
lines were forced through unity a t  zero methane. 

The different symbols represent different pa r t i a l  pressures of 
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Figure 2: Reciprocal of the Stern-Volmer Slopes as a Function 
of Acetylene. 
open squares quenching by nitrous oxide. 
have been divided by 1 0  before being plotted. 
weighted least  squares calculations. 
in the f i r s t  column of Table I. 

The so l id  c i rc les  represent quenching by methane and the  
For hydrogen the values of p - l  

The straight l ines represent 
The slopes of these l ines a re  entered 
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Figure 3 :  Comparison of Observed Quenching Data wi th  Model 
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KINETICS AND THERMOCHEMISTRY OF THE! OXIDATION OF 
UNSATURATED RADICALS: n-C,H, + 0, 

D. Gutman, I. R. Slagle, A. Bencsura, and S.-B. Xing 
Department of Chemistry 

Washington, DC 20064 
, Catholic University of America 

Keywords: unsaturated radicals; C,H, + 4; C,H, + C,H, 

INTRODUCTION 
The reactions of unsaturated free radicals (such as C,H, and C,H,) either with themselves or with 
small unsaturated molecules have been proposed as pathways leading to the eventual formation of 
aromatic compounds and swt.' Little is known about the reactions of these intermediates. In 
particular, the chemistry of the butadienyl radical (C,H,) is almost completely unknown. In order to 
test the feasibility of this radical as a soot precursor, it is important to determine if molecular oxygen 
can compete as a radical sink for C,H, in combustion systems, preventing the growth of [C,H,] to 
levels where reactions producing aromatic compounds can occur at a measurable rate. In this paper 
we report a direct experimental study of the kinetics and thermochemistry of the reaction of C,H, 
with O2 and use the results obtained to infer some general mechanistic pathways for the reactions of 
hydrogen-deficient free radicals with molecular oxygen. 
EXPERIMENTAL 
Atmaratus and Ge neral Procedure Details of the experimental apparatus and procedures have been 
published elsewhere' and only those aspects of the method which are unique to the present study will 
be described in detail here. Pulsed, unfocused 193-nm or 248-nm radiation (n5 Hz) from a Lambda 
Physik EMG 201 MSC excimer laser was directed along the axis of a heatable, boric acid-coated 
quartz reactor (1.05-cm-i.d.). Gas flowing through the tube at ~4 m s-' contained the butadienyl 
radical precursor (trans-1,3-pentadiene) in small amounts, oxygen, and helium. The flowing gas was 
completely replaced between laser pulses. Gas was sampled through a hole (0.043-cm diameter) 
located at the end of a nozzle in the side of the reactor and formed into a beam by a conical 
skimmer before the gas entered the vacuum chamber containing the photoionization mass 
spectrometer (PIMS). As the gas beam traversed the ion source, a portion was photoionized using 
resonance lamps (10.2 and 8.9-9.1 eV) and mass selected. Temporal ion signal profiles of the 
reactant radical, ,products and the radical precursor were recorded on a multichannel scalar from a 
short time before each laser pulse up to 20 ms following the pulse. Data from 1000 to 45,000 
repetitions of the experiment were accumulated before the data were analyzed. 
4: Radical A survey was 
conducted to determine the products of the photolysis of two possible C,H, radical precursors: trans- 
1 ,3-pentadiene (expected to produce the 1-butadienyl radical) and 2-methyl-l,3-butadiene (expected 
to produce the 2-butadienyl radical). This survey was conducted at two photolysis wavelengths (193 
and 248 nm) and two temperatures (298 and 650K). The mass spectrometric results were essentially 
the same at both wavelengths, with either precursor, and at either temperature. 
signal detected after photolysis corresponded to the mass of C5H6, a stable product. Smaller signals 
of approximately equal amplitude were detected at the mass numbers corresponding to C,H,, C,H,, 
C,H3 and C,H,. These ion signals exhibited the temporal behavior of free radicals with the signals 
decaying in an exponential manner due to the presence of heterogeneous wall effects. Smaller 
amounts of CH,, C2H3, CzHs, C3H6, and C4H4 were also detected. These results indicate that the 
important photolysis routes are 

The largest ion 
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-> C,H, + H 

While PIMS is a sensitive method for detecting small concentrations of free radicals (even in 
the presence of large concentrations of radical precursors), it cannot distinguish between structural 
isomers unless the ionization potentials of these isomers are extremely different. Such is not the case 
for the C,H, isomers. However, it is likely that the initial photolysis occurs at different sites in the 
two C5HE compounds studied here with the 1,3-pentadiene producing the 1-butadienyl radical, 

while the 2-methyl-l,3-butadiene produces the more stable 2-butadienyl radical. 
CH,-CH=CH-CH=CHZ - *CH=CH-CH=CH, + CH3 

CH,=C(CH3)-CH=CH, -t CHz=C-CH=CHz + CH, 
Although PIMS cannot distinguish between these two structural forms (or between a third 

form common to both precursors), a difference in observed reactivity can indicate the presence of 
two distinct isomers. At very low initial concentrations where. radical-radical reactions are 
unimportant and in the absence of any other reactants, both possible C,H, species react in a similar 
manner, displaying a simple exponential decay due to the presence of heterogeneous effects. 
However, when molecular oxygen is added to the system, there is a distinct difference in the 
temporal behavior of the two species. At room temperature in the presence of added oxygen the 
C4H, produced from the pentadiene reacts slowly and decays in a purely exponential manner. On 
the other hand, the C4H5 from the methylbutadiene reacts much more rapidly with a temporal 
behavior that is bi-exponential (perhaps indicating the presence of two structural forms of C4H, with 
very different reactivities). At higher temperatures in the presence of oxygen, the temporal ion 
signal profiles of both species exhibit bi-exponential behavior but with extremely different time 
constants, the C4H5 from the methylbutadiene always decaying much more rapidly than that from the 
pentadiene. On the basis of this difference in reactivity we conclude that the C4H5 produced from 
the 1,3-pentadiene is indeed the 1-butadienyl radical. 
Measurement of C 4 H , f l 2  Reaction Raie Parameters In the experiments reported here the 
1-butadienyl radical was produced in presence of varying amounts of oxygen by the 193- or 248-nm 
photolysis of 1,3-pentadiene. Initial radical concentrations were chosen to be low enough to ensure 
that radical-radical recombination reactions, either of C4Hs with itself or with the other products of 
the photolysis, had negligible rates compared to the reaction of interest. The absence of radical- 
radical reactions was confirmed at each set of experimental conditions reported here by varying the 
initial pentadiene precursor concentration. These tests also confirmed that the reaction of C,H5 with 
C,H, had a negligible rate under these conditions. Reaction rate parameters were also found to be 
independent of laser wavelength and intensity. These tests ensure that the 1-C4H5 + 0, reaction was 
in fact isolated for direct study. 
S i 5 - -  The search for possible products of the C4H, + O2 
reaction was hampered by the production of the additional CsH8 photolysis products, the low 
concentrations of C4H, radicals necessary to avoid recombination reactions, and the high oxygen 
concentrations used in this study. The photolysis of pentadiene produces many radicals which are 
themselves possible products of the C4H5 + 0, reaction or which react more rapidly with 0, than 
C4H5 to produce the same possible products. For example, C4H4, a stable photolysis product, is also 
the product expected from either the direct abstraction of a hydrogen atom from C4Hs by 0, or by 
the subsequent decomposition of a C~HJO, adduct. Another photolysis product, C2H3, reacts rapidly 
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with 0, to produce HzCO while C3H3 + 0, produces ketene at high temperatures. The C,H,O, 
adduct itself could not be detected. This was not unexpected since dkylperoxy radicals are not 
readily detected by PIMS. Another possible product, C4H,0, could not be detected because it lies at 
the same mass number as the precursor molecule. C3H40, a product analogous to the ketene 
produced in the high-temperature C3H3 + 0, reaction, was observed at 900K, but could not be 
confirmed as a product of the C,H, + 0, reaction since its temporal behavior did not minor that of 
the C,Hs radical. There were no product signals detected that could be unambiguously assigned to 
the C,Hs + 0, reaction. Since the mechanism for this reaction could not be established by direct 
methods, it will be assigned based on rate data and using analogies with what is known about the 
mechanisms of the reactions of similar unsaturated radicals. 
RESULTS 
From a preliminary set of experiments conducted over the temperature range of this study (295 - 
900K), it was discovered that the 1-C,H, + O2 reaction has different mechanisms at low and high 
temperatures and that at intermediate temperatures (369 - 4WK at the oxygen pressures used in these 
experiments) the equilibrium 

is clearly established. 
The results obtained will be discussed separately for the three temperature ranges in which 

different kinetic behavior was observed. Rate constants were measured at three densities at room 
temperature and at two densities in the high temperature region. Equilibrium constants for 
reaction 1 were determined in the intermediate region. The conditions of all these experiments and 
the results obtained are given in Table I and plotted in Figures 1 and 2. 
Room Tern-mture Reaction Near room temperature the C,H, + Oz reaction proceeds by simple 
addition 

The temporal behavior of C,Hs in the presence of an excess of 0, can be characterized by a simple 
first-order decay, with a decay constant (k’) equal to the sum of k,[O,] and k2 where k, is the rate 
for the heterogeneous loss of C,H,. 

The bimolecular rate constant was obtained from the slope of the line fitted through the measured 
decay constants plotted against [O,]. From the density dependence of this rate constant 
(A log (k ) /A  log [MI) 21 0.4, it is apparent that the reaction is near the middle of the fall-off region 
at the densities used in this study (6-18~10’~ molecule cm-’). (See Figure 1.) The addition 
mechanism is inferred from this density dependence of the rate constant as well as the fact that the 
reaction is reversible at higher temperatures. 
Intermediate Temuerature Ranee Between 369 and 409K the loss of C,H, in the presence of 0, was 
not a simple exponential decay but was rather a rapid decay followed by a much slower one which is 
characteristic of the radical reaching an observable equilibrium with 0,, reaction 1. The second, 
slower decay is due to competing processes, such as the heterogeneous removal of C4H, at the walls 
(reaction 2), other possible reactions of C,Hs with O,, or other reactions of C4H,0z that produce 
products other than the original reactants. As can be seen in Table lb, this second decay constant, 
m,, increases with temperature while the wall loss rate (reaction 2) remains essentially constant. 
This observation indicates that a change in reaction mechanism is occumng in this temperature 
range. 
continues to occur at higher temperatures (see below), where normally equilibrium of C,H, and 
C,H,02 would be established before measurable amounts of C,H, had reacted with 0,. 

The equilibrium constant, K,,  was obtained from the parameters of the double exponential 
function3 which was fit to the experimental C,H, ion signal profiles in this temperature range. The 
relationship between K, and these parameters is determined by the mechanism responsible for the 
temporal behavior of the C4H5. From the presence of a high temperature reaction and by analogy 
with reactions of other radicals, such as ethyl and propargyl, whi,ch exhibit similar behavior, we 

CdH, + 0, (+M) C4HsOz (+M) (1) 

CdH, + 0 2  - C4HS0Z (1) 

C4Hs - Heterogeneous loss (2) 

This conclusion is supported by the fact that an observable reaction of C4Hs with 0, 

. 
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conclude that the C,H, + 0, mechanism involves three steps: reversible addition (reaction l), 
heterogeneous loss of C,H, (reaction 2) and the unimolecular decomposition of the C4H,02 adduct. 

Thermodynamic functions for reaction 1 were obtained from the temperature dependence of 
c4H502 - Products (3) 

KI2. The values of AH",,, and AS",,, were determined from the slope and the intercept of the 
straight line fitted through the measured equilibrium constants on a modified van't Hoff plot (see 
Figure 2). They are 

AH0,,, = -18.7 f 0.8 kcal mol-' 
ASo,,, = -29.8 f 2.2 cal mol'' K '  

The correction to the ordinate variable, In K,, on the modified van't Hoff plot (which converts 
-AG",/RT to -AGo2,,/RT) is small (0.7 to 2%) and is obtained from heat capacities estimated by 
using group-additivity rules. 
Hieh TemDerature Reaction (600 - 9 0 0 4  Above the temperature at which equilibrium can be 
observed, C,H, continues to react with 0,. Radical decay profiles in this temperature region are 
again simple exponential functions and the decay constants (k') are proportional to [O,]. The 
phenomenological bimolecular rate constants are independent of a factor of two in density (6 - 
1 2 ~ 1 0 ' ~  molecule cm") and increase with temperature in this regime (see Figure 1). The 
bimolecular rate constants for the overall reaction 

were obtained in the same manner as for the low temperature reaction, i.e., from the slope of the 
line fitted through the measured first order decay constants plotted against [OJ, and were fit to an 
Arrhenius expression 

In the high temperature region the bimolecular rate constant increases with temperature and has no 
systematic density dependence. These observations indicate the importance of an irreversible C,H5 
+ 0, reaction path at elevated temperatures which proceeds over an energy barrier. 
C.H, + C2H, Reaction An attempt was made to observe a possible reaction of C4Hs with acetylene 
at 950K, a reaction indicated as potentially important in the formation of aromatic compounds.' 
There was no increase in the C,H, decay rate over the heterogeneous loss rate when 3x10" molecule 
cm" of acetylene was added to the system at a density of 1.2~10" molecule Since an increase 
of a factor of two over the heterogeneous loss could have been observed with C2H2 present, an upper 
limit for the rate constant of the C,H, + C,H, reaction at 950K could be established. It is 2 x 
cm3 mo~ecule-' s-I. 
DISCUSSION 
The simplest mechanism for the C,H5 + 0, reaction which can account for the observations of this 
study and which is consistent with our current knowledge of the mechanisms of other unsaturated 
free radicals with molecular oxygen is one which involves the reversible addition of 0, to the 
butadienyl radical and a second, irreversible decomposition path for the C,H,O, adduct. 

irreversible decomposition reaction of C,H,O, takes place. These reaction pathways account for the 
observed high-temperature behavior of the C,H, + 0, reaction, including the exponential decay of 
C4H, when 0, is in excess, the proportionality of the C,H, decay constants with [OJ, and the lack 
of density dependence of the overall rate constant for the loss of C,H,. Under these conditions there 
is a relationship between the phenomenological rate constant and those of the elementary reactions 
responsible for the loss of C,H,, k., = K,k3"/2 (k3- is the high pressure limit unimolecular rate 
constant for reaction 3). Using the measured values of K, and k., an Arrhenius expression for k3" 
was determined, k: = 3 ~ 1 0 ' ~  exp(-21 kcal mol-'/RT) s-I. 

for the decomposition of the C3H30, adduct formed in the reaction of the propargyl radical with 
molecular ~ x y g e n . ~  Likewise, the R-0, bond strength when R is C,H, is nearly identical with that 
when R is either CpH3 or C3H, (see Table 11). The mechanism proposed here for the C4H, + 0, 
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= 6 . 9 ~ 1 0 " ~  exp (- 2.5 kcal mol-'/RT) cm3 molecule-' s-' 

Above 500K, C,HS and 0, establish and maintain equilibrium while the second, slower, 

The rate constant derived for the decomposition of the adduct is very similar to that obtained 
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reaction, Le., reversible addition with a second, irreversible decomposition pathway for the RO, 
adduct, appears common to all R + 0, reactions. The initial R-0, adducts are formed at rates 
expected for a simple combination process along an attractive potential. However, the R-0, bonds 
formed by the more stable unsaturated radicals are weaker (18 - 19 kcal mol-') than those formed 
between alkyl radicals and 0, (32 - 38 kcal mol"). The overall reaction pathways observed and the 
nature of the final products are determined by the relative heights of the barriers to dissociation of 
the R 0 2  adducts back to reactants and to rearrangement of the RO, adducts followed by dissociation 
into oxygenated products. If, as in the case of the allyl radical, the barrier to rearrangement is much 
greater than that to redissociation, no oxygenated products are observed and the R + 0, reaction 
appears to "turn off' at high temperatures where the equilibrium favors the reactants. If, on the 
other hand, the barrier to rearrangement is only slightly higher than that to redissociation, the 
WRO, equilibrium again favors reactants but small amounts of oxygenated products will be observed 
to be formed as the temperature increases. Such is the case in the C,H, and C,H, reactions. 
Finally, if the barrier to rearrangement is much less than to redissociation, the R + O2 reaction 
appears to proceed directly to the oxygenated products as in the case of the i-C,H, rea~t ion .~  

In conclusion, even at combustion temperatures, reactions of C,H,, C3H,, or C,H, with 
molecular oxygen are not rapid. They do not effectively remove these intermediates from the pool 
of radicals. The loss mechanisms for these unsaturated radicals under combustion conditions must 
also include reactions with themselves to produce larger, unsaturated molecules, reactions with other 
free radicals (such as 0 and OH) and perhaps reactions with unsaturated molecules (such as 
acetylene or butadiene), reactions which could ultimately lead to the production of aromatic 
compounds. 
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m l e  I: Conditions and Results of the Studv of the C,H, + O2 Reaction 

3 E x ~ e  riments to Measure C.H,flo, Rate Constants 

Room Temperature Reaction 

296 6.00 7.11 3.20 1.93-13.4 37.8 
295 12.0 7.22 2.16 1.13-13.7 36.4 
299' 12.0 56.6 2.83 1.46-12.5 15.1 
296 18.0 2.69 2.64 1.10-9.52 35.9 
296 18.0 5.73 2.82 1.77- 12.3 34.0 
299 18.0 1.27 1.16 1.22-9.34 31.5 

High Temperature Reaction 

m 6.02 7.82 3.46 60.7-216. 26.2 
m 12.0 28.5 11.0 17.7- 172. 27.8 
75w 6.02 50.1 8.94 29.7-188. 18.3 
75w 12.0 20.0 9.00 60.7-2 15. 29.3 
w 6.07 18.0 7.65 12.8-256. 26.7 
9 w  12.1 6.55 11.1 54.7-237. 26.6 

b) ExDerirnents to Measure the Eauilibrium Constant for the C.H,flO, Reaction' 

23. 
32. 
31. 
38. 
36. 
38. 

0.72 
0.94 
1.2 
1.1 
1.8 
1.6 

T., lO-"[C,H& l@Poz, kz, RIZ m1, m2, 10-3~,,s, 
K molec. crn" atm-l s-1 S-I S.1 a d  

369 7.81 5.54 23.5 1.58 309. 34.0 32.2 
369 
374 
374 
379 
319 
384 
384 
389 
389 
389 
394" 
394 
399 
399 

7.82 
6.78 
6.78 
7.85 
11.7 
14.5 
15.4 
7.95 
14.9 
14.7 

13.6 
9.96 
9.84 

107. 

9.37 
7.73 
6.62 
10.1 
23.7 
25.2 
44.3 
26.2 
26.2 
45.7 
46.0 
53.4 
30.5 
56.6 

19.0 2.70 
27.0 1.97 
22.4 1.47 
21.7 1.47 
23.1 3.86 
29.9 2.63 
28.4 4.37 
31.0 3.15 
31.4 2.64 
34.2 4.86 
22.8 2.43 
21.3 3.27 
30.8 1.65 
26.3 2.26 
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318. 
345. 
333. 
374. 
674. 
679. 
833. 
847. 
702. 
1193. 
1215. 
1071. 
674. 
892. 

29.9 31.9 
33.2 27.0 
34.9 25.4 
38.9 17.2 
41.9 17.5 
45.0 11.1 
43.8 10.3 
54.7 13.0 
41.1 10.5 
52.5 11.0 
57.5 5.74 
54.0 6.65 
53.4 6.06 
53.0 4.37 
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Figure 1. Arrhenius plot of measured second-order rate constants for the CIH, i 0: reaction. 
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Table I (continued) 

404 20.2 45.6 37.8 1.39 921. 76.3 3.54 
409 20.2 46.2 29.4 0.809 580. 69.3 2.42 
409 12.6 57.9 29.8 1.23 1001. 74.5 2.51 

*Temperature variations: 350-450f3K, 600*2K, 750+4K, 900+5K 
'M = He + 0, 
'Upper limit to [C4H510 estimated assuming that one half of the precursor that decomposes produces 
C4H9 
dEstimated error limits are *20% for room-temperature rate constants and f30% for high 
temperature rate constants. 
'248 nm photolysis light used in this experiment; 193 nm used in all other experiments. 
'C4H5 ion signal, I(t), fit to expression I(t) = Aexp(-m,t) + Bexp(-m,t). [MI = 1 . 2 ~ 1 0 ~ '  molecule 

8% = (Rl2/PO&{ 1 + [(RI2 + l)(m, - k,J][R12(m, - I~J])~; R,, = A/B; estimated error limits: 
+SO%. 

Table 11: Comparison of Thermodvnamic Variables for R + O5 Reactions 
Involvine Unsaturated Free Radicals 

R AH"298, As"298, Ref. 
kcal mol-L cal mol-' K" 

C3H3 -18.9f1.4 -31.3f2.9 3 
C3H5 -18.2f0.5 -29.2 f 1.2 2 
C4Hs -18.7f0.8 -29.2 f 2.2 Current Study 
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The mermal Deawposition of 1,7 Oaadiyne as 
A Source of Pmpargyl Radicals 

w i n g   sang and J- A. w-. 
Chemical Kinetics and Thenmdymu cs Division 

National Institute of standards and Technology 
Gaitherskug,  Maryland 20899 

Keywonk: propazgyl, shcck tube, 1,’lcctadiyne 

AEsrRAcr 

D i l u t e  concentrations of 1 ,7  octadiyne have been demmpxed in single 
pls shock tube experiments. 
pressures of 2-7 atm atyon, the proaUcts are consistent w i t h  the main 
reaction involving the breaking of the rqmqylic  cdrbn-carkon. The rate 
expression for bond breaking is 1.6xlOlg exp(-35760/T) s-’. The newly 
formed pent-4-ynyl radical can cyclize or deccanpose via beta bond cleavage 
to form another propargyl radical and ethylene. The ratio of rate wnstants 
for the t w o  processes is 5.4~lO-~exp(6700 
proceeds w i t h  the rate expression, 5.6x1Oge&)(-27860/T) s-’. The propargyl 
radicals &ine to form a larqe number of linear c6 isamers. 
tmprature is increased fulvene and benzene are among the main products. 
The use  of 1,7 Octadiyne as a thermal SoLIrce of propargyl radicals for 
stwing reactions w i t h  other reactive species w i l l  be discussed. 

A t  temperatures between 1000-1200K and 

A parallel retroene reaction 

As the 

m m m w  
Recent studies1f2 have demDnstrated the important rule that propargyl 

radicals may play as a precursor for the formation of benzene and other C6H6 
isomers in hydrccabn ccanbustion systems. 
coworkers3 a t  very hi* temperatures, there have been no d i e  quantitative 
studies involving the reactions of pmpargyl radicals w i t h  other ozganic 
mlearles under conditions that lead to results that can be used in 
ccrmbustion systems. 
the generation of propargyl radicals i n  known quantities. 
reprts on the results of efforts i n  th i s  direction and on the nature of the 
pr~5~ct . s  f m  propargyl radical combination. 

Lxcept for the mrk on Kern and 

A prerequisite for making such studies is a methcd for 
This paper 

stein et a11 have confirnvrl4 that one of the pxsible products of 
propargyl radical canbination, 1,5 hexadiyne w i l l  easily rearrange through 
molecular processes to form f u l v m  and benzene. Alkemade and Homann2 have 
generated propargyl radicals thnniqh reaction of proparqyl brumide with 
d i m  and reprtd on the fomt ion  of a variety of recombination prcd~~cts ,  
1,5 hexadip, 1 , 3  hexadien-5-yne, 1,2 hexadien-5-yne, 1,2,4,5-hexatetraene 
and benzene a t  tanperatures between 623-673K. They distinguish between 
initial and secondary prcrtucts with benzene and 1,3-hexadien-5-yne being i n  
the la t te r  category. To saw degree these results are discordant w i t h  that  
of Stein et a l ,  since one would have thoqht  that with the lm energy 
mlecvlar deccwposition ChaMel for 1,5 hexadiyne, 
would have been hkzfiiately convertd upon d i n a t i o n  in the law pressure 
system used by Alkemde and Ho~mnn. 
de ted  the w e l l  )owwn characteristic pruiucts of 1,5 hexadiyne 
decconposition, bis-nethylenwyclobutme and fulvene. 

rmst of this ccanpound 

In addition, they w e r e  not able to  
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%e f0c;Us of this study is 1 , 7  octadiyne deccpnposition. previously, 
extensive s ~ i e s 5  
carried a. 
propargyl C-C bond and a m l d a r  p m c e s ~  (retro-ene reaction) leading to 
the proauction of allene and the apprupriate olefin. 
expcbdthat themecharu 'sm for 1,7 octadiyne decamposition w i l l  be 

on the decmpsition of the larger acetylenes have been 
'Ihe inportant reaction patinays were the brealcing of the 

On this basis it is 

1,7 & c l i p  -> propargyl + pent-4-Wl 
pent-4-ynyl -> proparwl + ethylene 

1,7 octadiyne -> all- + pent-1-4-p (PmY) 

(1) 
(2) 

(4) 
pent-4-ynYl -> C y c l O p e t l ~ l  -> ~ c l o p e n t a d i e n e ( C g H g ) + H  (3) 

'Ihe desired -&ions are (1) and (2) and it w i l l  be noted that every 
ethylene that is formed leads to the creation of t w  p w l  radicals. 
Reactions (3) and (4) are passible interfering 7. ?he consequen~e 
of (4 )  is not inpxtmt sins all that occurs is the release of two stable 
species into the system. 
lead to the formation of other radicals and to ccpnplications i n  the 
interpretation of the data. 
of a chemical inhibitor. 
w i l l  mean that the 2 to  1 relation between propargyl and ethylene w i l l  be 
violated unless it is taken into mnsideration. 

Reaction (3) releases hydrogen atcws. l h i s  can 

such effects can be eliminated through the use 
In addition, major amtributiom from this channel 

Fhm another pint of view the detection of cyclopentadiene is quite 
i n p r t a n t  since pent-4-ynyl is the result of the addition of p r o p q y l  t o  
eti-yp. h y  proctuas that are formed is inaicative of ring closing 
beamnug conpetitive w i t h  beta C-C bond cleavage leading to smaller  
m l d a r  f r a p .  It is the canpetition between these two processes that 
i s a k e y d e t e n u n a  te of wfiether scot can be f o n d  in  any particular system. 

the deccnrposition of 1,5 hexadiyne, 1-hexyne and 2,4 hexadiyne. A l l  of 
these studies are aimed a t  providing confirmation for the surmise that a 
number of the gas c h m m ~ ~ c  peaks that are observed arise from 
pmpargyl radical canbination. nis is necessary because it was not 
pss ib le  to identify specific ccmpounds w i t h  these peaks. 

have unique capabilities for determuung the stability characteristics (in 
the sense of Uninolecular deccanpositions) of volatile organics a t  high 
temperatures. W e  have used the methcd for stuiying the thenral u n i r m l d a r  
decay&tion processes of marry organic mpcurds6. mre recently, the 
-rusrs ard rate cmstarb for hydrogen-atcau attack on unsatwabzd 

tmre deterrmned ' . For these studies, the hydrogen a h w e r e  
generated thmugh the thermal deamposition of organic imle=ules i n  a m e r  
similar to the generation of pmpargyl radicds in this stvdy. 

I n  the cnurse of this work exper-ts have also been carried out on 

m i m e n t s  are carried cut in,a,single pulse shock tube. such studies 

- 
l'he details of the single pllse shock tube and the e x p r h t d  

u~ed in carrying cut exper- on the thermal -ition of 
O-CS have been described in earlier plblications. Sumarizing briefly, 
tram quantities of the organic in question, 100-1000 p ~ m ,  are deccanposed by 
the refleded shock in the presence of 1- anwnts of a ulermally stable 
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chemical inhibitor such as mesitylene. 
atcans w i l l  attack the inhibitor lmding to the formation of a less reactive, 
?X?sol?dmx stabilized species, 3,5 dim?thyWenzyl radical. In the short t h  
scale of shock tu& experimats these can only recanbine with itself and 
other long lived radicals ard therefore can not play a role in the overall 
reaction. 
detection. 'Ihe lirplt gases were  eluted isothermally using a 12 f t  Foropak 
N8 c o l m  while the heavier 
wide bore 30-meter dimethylsilo- column in the prqramnd te?peratm 
We. 
samples. 

m i s  eliminated the pmsibility of errors arising f m  uncertainties i n  the 
reaction tanperature. 'Ihe internal standard used in  these exprinr?nts w a s  
the deaanposition of 4-methylcyclohexene to form propene and butadiene. 
rate e x p m i o n  for this rev- D i e l s - A l d e r  reaction has previously been 
foundtobe 

k( 4-methylcyclohexene->propenetbutadiene) =Z~lO~~exp(-334OO/T) 

Reactive radicals such as hydrcgen 

mysis was by gas ~ t q r a p h y  using flame ionization 

frcan C, on up, were eluted using a 

A l l  products were identified on the basis of retention tunes of neat 

me exprjments were  carried out using the internal standard methcd. 

The 

The use of the inhibitor mkes impossible chain prooesses. 'Ihus the 
only deaanposition prcxxss nust be the ini t ia l  unhlecular  reactions. 
is expectd that reso- stabilized radicals such as propargyl should not 
be particularly reactive w i t h  trimethylbenzene in the t h  scale of the 
experiwts. 
are generated in  the cou~se of the inhibition reactions. mese are chain 
termiMting processes. 

It 

Of cou~se it can react w i t h  the benzylic type radicals that 

DISCUSSION 

me important pioducts bearing on deccanposition mechanisms for dilute 
quantities of 1 ,7  cctadiyne in  mesitylene and axyon are listed in Table 1. 
It is clear that the drnninating channels are the breaking of the propargylic 
C-H bond and the re- reaction leading to the formation of allene and 
pent-l-4-yne (PE4Y) .  
specific prcducts f o d ;  ethylene, cyclopentadiene, am3 P D Y  is very close 
t o  the amount of the 1,7 octadiyne that is deshuyed. 
quantities of allene and p-e were also found. 
former is due to the re- reaction. 
through a variety of other mechanisrrs. 
under certain conditions substantial quantities of propargyl radicals 
actually w i v e  the heating period and it is pmsible that propargyl 
radical my underyo a variety of other unspecified reactions. 
quantities of meta-xylene w a s  also found. 
atom, are present in the System. 
atom attack on mesitylene have k e n  determined, the total rnrmber of hydrogen 
atom released into the systan can be placed on a quantitative basis. 
c o m t r a t i o n s  found here are sanewhat larger than that w h i c h  can be 
accounted for by cyclopentadiene fomtion.  
the system w i l l  i n  fact meal its presence thnxqh the presence of meta- 
Xylene. 

It can be seen that the concentration of the 

Significant 
A large portion of the 

me excess quantities my be fonned 
N o t e  that as dismssd  subsequently, 

Small  
mis is evidence that hydrcgen 

S h  the branching ratio for hyd?xq?n 

The 

H-er, any hydrcgen atom in 

In the time range where one expects C& canpounds t o  elute d e r  the 
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present codi t ions a large rnrmber of peaks were detected. Unfortunately, it 

identification of l ~ n y  of these ccwpands. 
elution region can be f& in Figure 1. 
temperatures) one sees the init ial  formation of a plethora of pmduas. 
high comrersions and tempem- one notes increasingly the formatim of 
fulvene ard benzene as w e l l  as mller quantities of other unidentified 
pmduds. 

to the ccwbination of propargyl radicals. 
exprinwts w i t h  1,5 hewdiyne, 
In the case of 1-hexyne, where the mcharu 'sm involve formation of the 
propargyl radical, many of the same peaks that were found in the 
deaqxsi t ion of 1 , 7  cctadiyne w e r e  also present. 
hexyne-1 pick eluted at the m the as the fulvene peak. In  the case of 
1,s hemdiyne the situation is similar t o  that fourd by Stein and mrkers, 
dimethylenecylobutene is f i r s t  fo&, followed by conversion into fulvene 
and benzene. Typical chymtqrams can be found in Figure 2 .  It is 
interesting to note that  III the studies w i t h  1,7 cctadip ard 1-hexyne, 1,5 
hexadiyne could barely be detected. Nwertheless the pattern of prcxh.~cts, 
i n  these studies were very much similar to that found in  the direct 1,s 
hexadiyne decmysition. The obvious interepretation is that 1,5 hexadiyne 
is an important mtermediate. "he existence for this molecule of very low 
energy deccPnposition channels mean that a t  the high temperatures of these 
studies they are a%ncst imwdiately mnverted into the stable decconposition 
p?xducts, fulvene ard benzene. 2,4 Hexdiyne is a minor product. Its 
deccqxsition proauct was found to be chiefly benzene ard a a l l  quantity 
of fulvene. 
isamezs there must be a variety of pathways to form benzene. 
instance benzene nust be formed after various hydrogen shifts. 

propargyl radicals are generatd in this system. "he analysis of this data 
and the determimtion of the appropriate rate constants and apressions 
follow froin earlier publications. In the present case the pmpargyl C-C 
bond cleavage is -tored by the yield of ethylene and cyclopmtadiene. 
"he contribution f m  the molecular retro-ene reaction is determined from 
the yields of the pent-1-4-yne (PmY). 'Ihe rate constants can be 
related to the measured yields on the basis of the following relations 

was not pmsible to obtain the neat sanples that would lead dxectl  y t o t h e  ' 

Qpical chrmratcgrans in this  
A t  lw conversions (and 

A t  

important question is whether these peaks can actually be attributed 
The results of ancillary 

1-hexyne ard 2,4  hemdip are as follows. 

Unforhuntely the parent 

fiese results clearly establish that f m  the linear C& 
In the present 

Quantitative results can give a better picture of the rate a t  which 

k( l )= l o g ( l - X * C 2 H 4 + c y c l o p e n t a a i e n e / ( l , 7 ~ ~ l o o c t a d i y n e )  i)/XY 
k (4) = k(l) * (P1E4Y) &~H4+cy~lo~entadiene 

where X = 1 + (PlFdY)/C2H4+cyclopentadiene, t is the total heating th of 
approximately 500 micmsec. A plot of these resu~ts can be found in Figure 
1. "he rate expressions for the two initial processes are therefore 

k(1)=1.6x10l6 -(-35760/T) s-l 
and k( 4)  =5.6~lO~~q(-27860/T) s - ~  

It should be noted that the reaction tanperature is calculated on the basis 
of the yields frc6n 4-mthylcyclohexene deccnnposition ard is derived 
f r o m  the relation = (log k ( 4 - m e ~ l y i c y c i a i , 3 m d i e n e ) -  
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-)/E, Where the A and E are rate mt.e.rS for 4-mthyl~~lohexene 
deccanposition clecanposition given Barlier. 

hexyne deccpnposition. 
It is interesting to capre these rate expressions w i t h  that for 1- 

“he rate expressions are 

k(hexyne-l=prqagy + n-prqyl)4x1015ekp(-36300/T)s-1 an3 
k(heXyne-ld~enerC3&j)=5XlO exp(-28400/T) S-’. 

A t  the reaction temperature the differences in rate constants are factors of 
3.3 and 1.8 respectively. For the la t ter  this is very close to the reaction 
pathway degeneracy. 
rate constant for 1,7 rxtadiyne dearmposition is a f a d o r  of 1.7 lum than 
would be dictated by the two pmpargyl bond. 
would 
cannot be ccnnpletely justified i n  tenns of the unoertainties in deriving the 
rate q r e s s i o n .  
position has a larger than apcted effect on rate constants for bond 
cleavage. 

lhe ratio of cyclopentadiene t o  ethylene yields a measure of the 

On the other hand for the bond breaking the 

Fmn the rate expressions, it 
that this is an activation energy effect, althovgh this claim 

It a m  that propargyl substitution in the beta 

Studying octyne-1 deccwposition w i l l  be very worthwhile. 

branching ratio for pent-4-ynyl decanposition. 
ratio can be found in Figure 2. 

An m e n i u s  plot of this 
‘Ihe rate expression is 

In the temperature range of these experiments th i s  is equivalent to 25% 
cyclization a t  the lowest temperatures and decreasing to 10% a t  the uther 
extreme. Cyclization is thus favored a t  the 1- t a p r a t u r s  and the 
activation energy for cyclization is a b u t  50 W/ml smaller than that for 
beta C-C bond fission. T h i s  is a surprisingly large mnnter since w i t h  an 
estimated activation energy for C< bond fission of about 120 M/ml w i l l  
lead to an activation energy for cyclization in the 80 kJ/m1 range. 
It is also possible that this process is not kinetically controlled and that 
the ratio given above is a reflection of the equilibrium properties of the 
cyclic and 1- radicals. 
present purposes it is clear that optimum yields of proparqyl radicals w i l l  
be acheived a t  the highest temperatures. 
cleavage w i l l  be equally important. 

temporal history of pmpargyl in the present system. Using a rate 
expression for p r q a g y l  d i m t i o n  similar to that for auyig, it was 
found that a t  lower concentrations, 200 ppn level and 2 a- pressure, a 
large portion of the radical remain UNeaCted d u r i q  the entire heatirq 
period ard much of the prcducts are thus presunnbly formed a t  samewhat lower 
temperatures. 
7 a b .  mxanbination is substantially capleted in during the heating 
period. Despite this difference the ChrmMtCgrans are suhstantialfy 
similar. In addition, recc~ery in the form of the.c& cconpounds i s  no mre 
than 50% of all  the propargyls that are released into the system. 
again the results appear to be irdeperdent of the amcmtration of radicals 
released into the system. Ihe former my be a reflection of the lcu energy 
pathways available for decanposition and the formtion of hot mlecvles from 

obviously further w r k  is required. For the 

A t  900 K cyclization and beta bond 

With this data there is nm sufficient informtion to deduce the 

On the other hand for the higher concentrations 1000 ppn and 

Here 

I ’  
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propargyl reambination. hoparsyl radicals can of colllse also be renwed 
froin the systan by Ocmbinaticm w i t h  3,s  dimethylbenzyl and methyl radicals. 
These pathways cannot a-t for a l l  the deficit. 

me ets are in general confirrcatory of the observations of stein et 
a1 
d z  and that of Hmann and Alkenwle regarding the wide wiety of 

suggest m y  more peaks than the la t ter  reported. 
accamt for the failure of Auremade and H m  to find tw~ of the 
decaps i t ion  prulucts of 1,5 hexadiyne pyrolysis, 
and fulvene. 
is quite stable as the temperature is increased . 
reprtd retention t- of Alkemade and H m  the 1,3 hexadiyw-5 and 
fulvene peaks may actually be coincident. 

the nature of the decanposition pmduas of 1,5 hexadiyne 

llnear c&j cfmpmds that can be fmn&. meed the present results 
It is difficult to 

dimethylemxyclohtene 
~s is particularly serious for  N v e m  since it apprently 

It is pmsible from the 

A system for the mntrolled release of pmparwl radicals have nu,? been 
described. The next step in this work mst be studies where the pmparwl 
radicals are allowed t o  react w i t h  other unsaturated cmpxnds or radicals 
that m y  be present in high temperature reactive systems. A major problan 
in so f a r  as single pulse shock tube studies are concerned is that the 
reaction time is very short and i f  truely quantitative results ~ J X  to be 
obtained Conoentration of propargyl or reactants nust be maintaind a t  a 
sufficiently hi* level so that all the reactions OCCUT during the heating 
period. with such a scenario, measurements of the concentration of one of 
the direct proparqyl combination pnducts, for  -le, benzene, and the 
prcduct of addition or  ambination with amther species can nu,? be used as a 
means of determining relative rate constants. ' Ibis can lead to a scale of 
pmpafsyl reactivities and predictions rqarduq ' thequantityand 
distribution of the anmatic prulucts formed i n  hi@ temperature pyrolytic 
systems. 
assess?aent of the actual importance of pmpargyl radical in soot forming 
systens. 

Omparison with actual measurements w i l l  then lead to an 
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Figurel. ~ i c a l c h m M t o g r a n s i n  
the c6 region fmn 1,7 Cctadiyne 
d-ition. &ab 1,6-8 were not 
identified. (2 )= l ,%exd ip  (3)= 
d b n e t h y l ~ c l ~  (4) =fulvene 
( 5 ) = k m e n e .  ArraJ points to him 
temperature. 

2 

Figure 2. WiCal c h r t m 3 . m  
in the (26 region f m  
1,5 hexadiyne decanposition 
(2)=1,5hewdiyne, (3)= 
~ t h y l e n e c y c l ~  (4) = 
fulvene, (5)=&nzene.AT3xw 
pints to highex tempemture. 

1421 



Figure 3. Arrhenius 
plots for  the 
decomp3sition of 
1,7 mtadiyne. 
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Table 1. 
Decomposition in the presence of Dccesses of Mesitylene 

Reactant and m-cduct Distribution formed f m  1 , 7  Cctadiyne 

coipmxk (%oonversion) 
Temp. Pressure C2H4 Allene F'rupyne PlE4Y C5Hg 1,7& 

a. 200 ppm 1 , 7  cctadiyne i n  0.5% Mesitylene and Argon 

1080 1.8 1.1 .9 .7 .2 100 
1101 2.1 6 .1  4.3 .6 4.1 1.5 87 
1131 1.8 13.7 8.2 1.3 6.7 2 .5  72 
1150 1.9 21.9 11.1 10 .1  4.9 52 
1166 2.2 31.0 1 5 . 4  4.7 10.8 5.5 44 

b. 1000 pyan 1 ,7  octadiyne and 1.0% Mesitylene and -on 

1034 1.8 .8 .8 .1 .8 .3 92 
1101 2.1 6.1 4.3 .6 3.9 1.3 75 
1141 6.2 17.7 10.5 3.0 8.8 3.7 65 
1183 6.7 43.1 19.3 7.4 11.8 7.4 27 

( a b )  
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INTRODUCTION 

Several reports have appeared which describe. the reactions of C3H3 and the subsequent 

formation of benzene. These investigations have been conducted using a variety of experimental 

techniques and precursor compounds to form propargyl radicals: allene,’ 1.2 butadiene’ (shock 
tube); 1,5 hexadiyne3 (flow reactors); ethyla~etylene~ (microjet reactor); rich acetylene 

C3H3Cl 01 qH,Br + Na’ (flow reactor); allene and propyne* (shock tubes). Although there is 

general a p m e n t  that the reaction of 2 q H 3  ---> C6H, is an efficient mute to benzene, there 

are several GH, isomers such as bisallene, 3.4 dimethylenecyclobutene, and fulvene that have 

been proposed to participate in the sequence of reactions that precede benzene formation’ and 

consensus is lacking on the details of the conversion. 

Furthermore, reactions of q H 3  with allene and propyne have been proposed’ as routes 

to benzene via the sequence q H 3  + GH4 ---> C6H7 ---> C& + H. The single pulse shock tube 

results of Hidaka et al. indicate that benzene yields are greater in the pyrolysis of allene 

compared to those recorded from a mixture containing an equivalent amount of propyne.8 

There has been considerable effort expended on the allene * propyne isomerization by 

experimentalists and theoreticians which is described in a recent review.” The energetics of 

various intermediates involved in the isomerization such as trans-vinylmethylene, cyclopropene, 

and propenylidene have been calculated and the highest energy barrier, 65.8 kcal/mol, 

identified” 

The object of this work is to examine the reactions of two possible precursors for C,H3, 

propargyl chloride and 1.5 hexadiyne, and to study the reactions of q H 3  with itself and with 

allene (%%A) and propyne (C3H4P) with particular emphasis on the formation of benzene. This 

latter point is important since a correlation between benzene production and soot yield has been 

prOposeb’2 

1423 



EXPERIMENTAL 

A shock tube coupled to a time-of-flight (TOF) mass spectrometer is employed to analyze 

dynamically the reflected shock mne containing various mixtures of gases. The apparatus and 

experimental procedures have been described recently." The mixture compositions and reaction 

conditions are listed in Table 1. 

The sources of reactants are as follows: qH3CI (Aldrich, 98%); C3H4A (Matheson, 93%); 

q H 4 P  parchan); 1 3  c6% (Alpha); D, (Matheson, 99.5%); H, (Linde, 98.5%); Ne (Matheson, 

99.999%). Ionization was achieved by 32 eV electron bombardment. The mass spectral range 

covers d e  12 - 120. Peak heights were converted to concentrations using calibration plots 

obtained under no-reaction temperatures. The following mixtures diluted with neon were prepared 

for the calibration of the corresponding species: 3% qH3Ck 3% C3H4A; 3% C3H4P; 2% 1.5 

c&$ 3.2% %H2; 2% HCI; 2% C4H2; 2% C6H6; and 3% CH,. The mass spectral factor for 

c& was obtained from previous work in which a carbon atom balance procedure was 

employed.'3 

RESULTS AND DISCUSSION 

Mixtures A. B. and C 3% C3H3CI decomposes readily at temperatures above 1400 K. Major 

products are qH, ,  HCI, and C4H2 which were observed to form at the same reaction time. The 

amount of HCI formed is equal to the amount of dissociation of propargyl chloride, indicating 

that C1 atom is balanced. However, carbon atom balance is only 60 - 80%. Concentration plots 

for 3% qH,CI pyrolysis at 1411 K are shown in Figures 1 - 4. Solid lines represent model 

calculations using the mechanism listed in Table 2. The qH3C1 mass spectral cracking pattern 

displays a substantial peak at d e  39 (qH3+). At late reaction times, d e  39 disappears but m/e 

74 remains, indicating the formation of C6H2 

Benzene was not recorded in the thermal decomposition of 3% C,H3Cl. However, upon 

addition of 5% $ (mixture B), benzene was detected. The major producu dismbution and the 

carbon balance are the same as in the decomposition of 3% qH,Ck C1 atoms are balanced. The 

results from 3%qH3C1 - 5% D, (mixture D) are interesting. HCI and DCI are formed almost at 

the same time; the temporal HCWDCl ratio is - 5. The following two parallel initation reactions 

are proposed to account for the experimental results: 

qH3Cl  ---> c3H3 + C1 (17%) (1) 

---> q H z  + HC1 (83%) (2) 
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Mixtures D and E: Compared to the pyrolysis of 3% qH,Cl, 1,s hexadiyne decomposes at 

relatively higher temperatures. The major products are qH,, C&, and C6Hz Carbon balance 

for 2% 1.5 C& pyrolysis is 75 - 80% in the temperature range 1657 - 1800 K. Adding 5% H, 

does not change the product distribution but results in 100% carbon balance due to the increased 

amount of observable products. Benzene production was difficult to determine here due to the 

overlap of the parent molecule and benzene. 

Mixtures F and G: The TOF results for a 4.3% allene mixture are published in ref. 1. We 

employed 3% allene or propyne mixtures here in order to maintain the same carbon atom 

concentrations as most other mixtures in Table 1 and to compare the respective benzene yields. 

3% allene and 3% propyne mixtures were shocked at the same experimental conditions to 

determine if there are any kinetic differences as claimed in the single pulse shock tube work8 

Benzene is formed in amounts of 2.3 - 3.2 x lo-’ mol/cm3, about the same levels as in mixtms 

H and I. CH4 is a minor product. The carbon atom balance is -90%. The reaction profiles were 

modeled by the mechanism of ref. 1. Figures 5 - 8 show 3% propyne decomposition at 1770 K. 

Examining the C+H4 and the product concentrations, it is concluded that there are little or no 
observable differences between these two isomers at high temperatures which confirms that the 

isomerization reaction is faster than the decomposition. 

Mixtures H and I: There are no significant differences in comparing the reaction profiles for 

these two mixtures. Benzene appears in amounts of 2.5 x lo-’ to 4.0 x 10.’ m ~ l / c m - ~  for the 

temperature range 1325 - 1735 K. Major products are %H2, C4H2, HC1. Comparison of the 

respective profiles reveals that proparm1 chloride decomposes much faster than allene or propyne. 

The qH,CI profile is obtained by C1 atom balancing, since its mass spectral sensitivity is low 

and interference from C&12 at high temperatures is severe. The reaction profiles for mixtures H 

and I at 1458 and 1492 K are displayed h Figures 9 - 16. 
The mechanism in Table 2 is composed of the previous allene mechanism’ and reactions 

of propargyl chloride. Benzene appears at lower temperatures in H and I compared to F and G 

and is formd mainly from the overall net reaction 

q% + C3H4 ----> [2 q H 3 ]  ---> c6€$ 

Benzene production predicted by the model is about 4 times higher than the experlmental data 
as shown in Figures 12 and 16. The carbon atom balance for the two m i x t m s  are about 70% at 

- 1450 K. This carbon deficiency is due to the formation of high molecular weight polyammatic 



hydrocarbons (PAH) and solid carbon; these steps are not included in our mechanism. The model 

describes reasonably well the observable species except for benzene. The overall reactions (3) 

and (4) are highly exothermic. It is likely that benzene or its isomers, some of which are highly 

reactive, are apparently consumed in a series of reactions leading to PAH and soot. The 

mechanism is tentative; extensive &ling of the experimental data is ongoing. 

Mixtures J and K $3, C4Hz, and C6Hz are the detectable products. Reaction profiles and 

product distributions are the same as for mixtures J and K at similar reaction conditions. Carbon 

balance is around 70%. Information relevant to benzene formation is obscured due to the overlap 

of the parent peak. 

CONCLUSIONS 

The main decomposition channel for propargyl chloride pyrolysis is through the 

elimination of HC1 to form qH,. q H 2  plays an important role in producing benzene in reactions 

with allene or propyne. Benzene is not observed in the pyrolysis of C,H,Cl but it is formed 

readily in mixtures of qH3Cl  and allene M propyne. 
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Table 1: Summary of Experimental Conditions 

0 

i Mixture Composition Ts. K Ps. a m  

I 

A 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

3% CJH3CI 

3% C3H3Cl - 5% H2 

3% C3H3Cl - 5% D2 

2% 1,5 C& 

2% 1.5 C6H, - 5% H, 

3% C3H4A 

3% q H 4 P  

1.5% C3H3CI - 1.5% C3H4A 

1.5% C3H3CI - 1.5% C3H4P 

1.5% 1.5 (26% - 1.5% q H 4 A  

1.5% 1.5 C,& - 1.5% q H 4 P  

1411 - 1608 

1394 - 1633 

1364 - 1616 

1530 - 1800 

1367 - 1827 

1564 - 2136 

1549 - 2131 

1295 - 1698 

1304 - 1793 

1316 - 1931 

1438 - 1823 

0.24 - 0.29 

0.24 - 0.31 

0.23 - 0.31 

0.28 - 0.37 

0.24 - 0.39 

0.27 - 0.45 

0.27 - 0.44 

0.20 - 0.32 

0.20 - 0.35 

0.22 - 0.43 

0.26 - 0.39 
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Table 2. Reaction Mechanism 

Reactions A E 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 

1.0E13 
5.0E13 
4.0E11 
4.0Ell 
1.7E13 
1.7E13 
2.0E13 
2.OE13 
8.3E13 
2.0E13 
1.0E17 
1.0E17 
2.0E13 
2.OE13 
4.2E16 
1.0E12 
1.0E12 
1.0E13 
1.0E13 
2.0E12 
2.0E12 
1.0E13 
2.0E13 
5.0E12 
2.2E11 
6.0E13 
3.0E11 
5.0E11 

65.5 
65.5 
0.0 
0.0 
15.0 
15.0 
8.5 
8.5 
5.5 
62.0 
70.0 
70.0 
2.4 
2.4 
100 
1.5 
1.5 
0.0 
0.0 
7.7 
7.7 
37.5 
0.0 
0.0 
2.0 
0.0 
0.0 
0.0 

Units an: cm3. mol, sec, kcal. Reactions 10 - 28 taken from ref. 1. 
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FIGURE 1 

3% C,H,CI T = 141 1 K 

FIGURE 2 

3% C,H,CI T = 141 1 K 
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FIGURE 7 

3% C,H4P T = 1770 K 
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FIGURE 9 

1.5% C,H,CI - 1.5% C,H3A T = 1458 K 

FIGURE 10 

1.5% C,H,CI - 1.5% C,H4A T = 1458 K 
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t(s) x i o 4  
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FIGURE 11 FIGURE 12 

1.5% C,H3CI - 1.5% C3H4A T = 1458 K 1.5% C3H3CI - 1.5% C,H4A T = 1458 K 
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FIGURE 13 FIGURE 14 

1.5% C3H3CI - 1.5% C3H4P T 1492 K 1.5% C3H,CI - 1.5% C3H,P T = 1492 K 
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1 

FIGURE 15 

1.5% C3H3CI - 1.5% C3H4P T = 1492 K 

P) 
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E 
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t(s) x io4  

FIGURE 16 

1 5% C3H3CI - 1.5% C,H4P T = 1492 K 
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Benzene Formation during Allene Pyrolysis: 
Possible Implications for Soot Formation 

L. D. Pfefferle, J. Boyle, and G. Bermudez 
Department of Chemical Engineering, Yale University 

New Haven, CT 06520-2159YS 

Introduction 

Pyrolysis of allene in a microjet reactor at millisecond reaction times was used to 
study higher hydrocarbon growth processes from C3 hydrocarbon species. Species 
detection was carried out using VUV photoionization mass spectrometry. The first 
product observed as temperature was increased at a fixed mean residence time was mass 
80 followed by smaller than parent mass pyrolysis products, mass 79 and a possible allene 
trimer at mass 120. A mechanism for higher hydrocarbon formation in the pyrolysis of 
allene is proposed. Allene dimerization to a dimethylenecyclobutane is proposed as the 
initial higher hydrocarbon production mechanism during allene pyrolysis and this route 
is examined for thermodynamic plausibility. 

Background 

It has become increasingly apparent in the past several years that C3 routes for soot 
formation in flames can be important under some if not many conditions. In several 
recent studies of fuel pyrolysis and combustion where both stable and labile product 
measurements were made (la,b,2), C4/C2 routes for benzene production were determined 
to be not fast enough to account for observed benzene production for some of the fuels 
used, especially those of C2 and C3 hydrocarbons. Westmoreland (lb) has recently made a 
reaction pathway study of C3H3 dimerization to benzene using a QRRK analysis and 
concluded that this route could in fact be fast enough to account for observed benzene 
production rates in several test flames including acetylene and ethylene. 

Allene dimerization to dimethylenecyclobutane isomers has been observed at high 
conversion in several early flow reactor pyrolysis studies (e. g. 3,4). In one study (3), 
primarily the 1,2-dimetheyenecyclobutane isomer (1,2 DMCB) was produced at about 50% 
yield by passing allene over quartz chips at BOOK with a 6s mean residence time. The 
reactor geometry used, however, did not preclude the possibility of significant surface 
effects on the rate of dimethylenecyclobutane production and a run with an empty tube 
reactor gave somewhat lower conversion but the same product distribution. In the 
current study, mass 80 was the first product detected and the detection of mass 120 (a 
possible allene trimer) at slightly higher temperatures is consistent with allene 
dimerization to dimethylenecyclobutane as the initial pathway for higher hydrocarbon 
formation. Although the DMCB isomers are likely the first mass 80 species formed, at 
higher temperatures (over 1300K) the predominant mass 80 component is likely 
hexadienes. The reaction pathways for formation of the various mass 80 isomers is the 
focus of our continuing modeling work. This study investigates the 
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feasibility of the DMCB production through allene dimerization and how it can 
contribute to early higher hydrocarbon production during allene pyrolysis. It 
should be noted that from our previous work (2) methyl acetylene pyrolysis when 
carried out at temperatures and reaction times where isomerization to allene was 
not significant did not result in either significant mass 80 production or benzene 
production. This is consistent with mass 80 formation through allene 
dimerization. 

Exwrimental Procedure 

Allene pyrolysis was carried out in a microjet reactor source, described in 
detail earlier (5). This is a miniature fast-flow reactor coupled directly to a sonic 
nozzle with a volume of approximately 3.2 x lo-' m3. The reactor geometry consists 
of an alumina multibore thermocouple insulator tube inserted into a larger 
alumina tube with a sapphire nozzle (50-200 mm). The inner tube is positioned to 
leave a reaction chamber 1 mm in length. Reactants (pure allene or allene/Ar in 
this study) are introduced to the pyrolysis zone through the center-most hole in the 
inner alumina tube (0.4 mm ID) at rates varying from 0.1 - 1.0 scan. The reaction 
zone is resistively heated and temperature within the reactor zone has been 
calibrated using thermocouples. Thermocouples were not used continuously 
during experiments due to the catalytic oxidation/pyrolysis observed on the 
platinum/rhodium wires. Pressure within the microjet reactor was maintained at 
600 * 20 torr. Under the stated operating conditions, wall reactions were not 
observed to significantly affect product distributions. Significantly lowering the 
pressure (by a factor of >lo), however, leads to greater aromatic abundance at lower 
temperatures. 

A schematic of the VUV photoionization mass spectrometer (VUV-MS) and 
microjet reactor assembly is illustrated in Figure 1. The TOF-MS is equipped'with 
Wiley-McLaren type acceleration for higher resolution and an ion reflectron to 
compensate for initial ion energy spread, to provide a longer effective flight length 
(1 meter) and to prevent the considerable quantities of neutral polymeric 
hydrocarbons produced from reaching the detector. Mass signals are displayed in 
real time and recorded directly onto a digital storage oscilloscope which is 
interfaced with a PC for data analysis. The mass resolution for the experiments 
described herein was measured as 325 at 78 amu. 

VUV photons were generated by the non-linear optical mixing technique of 
third harmonic generation in Xe. A frequency tripled Nd:YAG laser (Quanta Ray 
DCR-11 system) operating at 10 Hz was focused into a Xenon cell with a 30 an path 
length at 26 torr. The signal from CgHg+ produced by single-photon ionization of 
C& from a 300 K fixed flow microjet expansion was used to monitor relative UV 
to W V  conversion efficiency. Optimum efficiency was found at approximately 30 
mJ of energy in a 8 ns pulse at 354.6 nm, corresponding to a peak power of 
approximately 3.75 x 106 W. 

for many five carbon hydrocarbons and larger, since these compounds have 
ionization potentials (IPS) of one to two eV below the photon energy (1182 A = 

Ionization efficiencies at 118 nm are relatively constant (+/- 35%) and high 
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10.49 eV). Therefore the simultaneously-obtained peak ratios are good 
approximations of relative concentration. However for smaller hydrocarbons with 
ionization potentials lying closer to the single photon energy, absorption cross 
sections and ionization efficiencies vary considerably. Consequently, these species 
must be calibrated individually. Detection efficiencies of the various molecular 
hydrocarbons must likewise be considered to obtain quantitative data. These 
calibration issues have been presented in an earlier publication (5) and are 
discussed in detail in the PhD thesis of J. Boyle (6). 

identity of structural isomers can only be inferred from arguments of internal 
consistency or knowledge of kinetic mechanisms and rate constants. 

Exuerimental Results and Discussion 

An overview of the relative concentrations of higher than reactant mass 
hydrocarbons detected at 2ms mean reaction time is given in Table 1. As 
temperature was increased from 300K to 1200K at 2ms mean residence time, the 
first reaction product observed was mass 80 followed at slightly higher 
temperatures by reaction products smaller than the parent mass such as ethylene. 
Flow reactor results also indicate methane and hydrogen in significant quantities, 
although those products were not directly measured in this study due to their high 
ionization potentials (methane was indirectly measurable through its 
fragmentation product methyl radical). At 1320K mass 79 was detected above ppm 
levels and was observed to reach significant steady state concentrations prior to the 
appearance of mass 78. Benson and Shaw (7a,b) studied the pyrolysis of 1,3 and 1.4- 
hexadiene at low pressure and temperatures from 520 - 84OK. These investigators 
found that while benzene production froml,4hexadiene proceeds through 
molecular elimination of hydrogen, the mechanism for benzene formation from 
1 3  hexadiene proceeds via a chain mechanism involving hydrogen atoms, 
hexadienyl radicals and cydohexenyl-3 radicals. The rate constant data reported is 
consistent with our mass 79 and benzene formation rates assuming our 
experimentally measured mass 80 concentration at 1450K contains a significant 
component of 19hexadiene. This analysis suggests that a possible pathway for 
early benzene production during allene pyrolysis involves conversion of 1,2 
dimethylenecyclobutane formed through allene dimerization to l,%cyclohexadiene 
as temperature is increased followed by a higher activation energy, slower 
conversion of cyclohexadiene to benzene through the cyclohexadienyl radical. 

with 6 or more carbons were detected including mass 78, with the largest 
contributions initially coming from masses 91/92,94,106,116-118,120,144 and 158. 
Mass 120 was possibly formed through reaction of a DMCB component of mass 80 
with allene as noted in early work on the thermal polymerization of allene. Note 
that the mass 120 abundance decraeses somewhat with temperature above 1515K. 
Mass 120 and 160, which are possible allene trimers and tetramers, were not seen in 
ethylacetylene pyrolysis but are present at significant levels in this study. At 1450K, 
mass 120 was observed in the next largest abundance to masses 80 and 79. This is 
another indication of allene dimer formation in this system. The mechanism 

In our detection scheme only the molecular masses are detected, and the 

As temperature was increased above 1450K a broad range of hydrocarbons 
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illustrated below was reported for allene dimer and trimer formation by Weinstein 
et al. who identified the structural isomers using NMR. 

At higher temperatures and allene conversions, these species are converted 
through reactions with smaller hydrocarbons and hydrocarbon radicals such as 
C2H. The early appearance of mass 144 suggests such a route. 

Allene dimerization 

Thermodynamic parameters for both 1,2 DMCB and 1,3 DMCB were 
estimated using the THERM program(9) and compared with experimental values 
where available. For 1,2 DMCB, the DHfm = 47.3 kcal/mol (calculated) and 48 
kcal/mol (measured) and for 1,3 DMCB, the D H h  = 51 kcal/mol (calculated) and 
53.3 kcal/mol (measured). These values are in good agreement (2-3kcal/mol lower) 
with the values calculated by Kovacevic and coworkers (10) using the maximum 
overlap method. These investigators also reported the experimental and calculated 
strain energy for 13 DMCB. From this data, equilibrium constants for the reactions 
2Allene + 1,2 DMCB and Mllene + 13 DMCB were calculated and are presented 
in Figure 2. The equilibrium constants for both reactions are greater than one at 
1200 K. The rate of allene dimerization rate to 1,ZDMCB is pressure dependent and 
approximately 43.8 Kcal/mol exothermic. 

Conclusion 

A microjet reactor coupled to vacuum-UV photoionization was used to 
study the formation of higher hydrocarbons during the pyrolysis of allene. By use 
of this technique, a progression of intermediate species profiles including 
hydrocarbon radicals were obtained as a function of temperature at millisecond 
reaction times. Mass 80 was the first product species observed as temperature was 
increased which is consistent with early flow reactor studies of allene pyrolysis 
leading to the formation of predominantly the 1,2 isomer of 
dimethylenecyclobutane. 

Our current work involves an analysis of a proposed mechanistic pathway 
for conversion allene to 1,2 dimethylenecyclobutane and subsequently to benzene 
and other higher hydrocarbons. A possible pathway for early benzene production 
during allene pyrolysis involves allene dimerization to 1,2 dimethylenecyclo- 

‘ I  

‘ I  
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butane followed by a multistep mechanism converting 1,Z-DMCB to 19-hexadiene 
which goes through a higher activation energy, slower conversion mechanism to 
benzene through the cyclohexadienyl radical. A kinetic analysis using rate data for 13- 
cyclohexadiene to benzene conversion obtained by earlier investigators (7) shows that 
this route could account for the initial rate of mass 78 production observed 
experimentally. The higher hydrocarbon product distribution observed in particular 
the early formation of mass 120 supports the proposed allene dimerization to 1,2- 
DMCB. Future work will include resolution of mass 80 isomers to aid in the reaction 
pathway analysis. Data from earlier flow reactor studies can not be used to resolve 
these issues because of the intrusion of surface effects. 
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Table 1 

RELATIVE CONCENTRATIONS OF PRODUCT SPECIES 
DURING THE PYROLYSIS OF ALLENE 2ms, 600 Torr. 

TEMPERATURE (K) 
MOLECULAR 
WEIGHT 

5 2  
54  
5 6  
6 6  
6 7  
6 8  
7 8  
7 9  
8 0  
9 1  
9 2  
9 3  
9 4  

104 
105 
106 
116 
117 
118 
120 
128 
130 
142 
144 
154 
156 
158 
160 
166 
168 
170 
178 
180 

1280 

.. .. .. .. 
f f  .. 

2.4 

1320 

.. .. 

.* 

.(I .. .. 
1.5 

5 

1450 1515 1545 

4.7 4.7 7 
5.9 29 23 
8.2 40 56 

3.9 4.3 
4.0 3.9 3.5 

4.3 4.3 
3.1 23 31 
17 30 35 
25 43 50.5 
2.3 2 3.5 

22 35 
6 

3.1 

3.9 14 15 
_-- 2.7 6.3 

5.5 5.5 
2.4 12.5 12 

5.9 9.5 
-__ 4.7 7.5 

9.8 14 
7.8 20.5 18 

6.2 
10.5 

9 14.5 
2.7 7 13 

2 
7 15 

3.5 6.3 10.5 
10 5 

5 

.* 

f. 

_ _ _  

5 
1 

4.3 

1580 

12 
40 
39 
6 

3.5 
5 

47.5 
43.5 

52 
5.5 
30 
9.8 

19.6 
8.6 
8.5 
22 

11.3 
14 
23 
19 
10 
14 
17 

14.5 
4 

21 
12 
5 
6 

8.5 
10 
3 

10 

Species present in 0-1 unit 
** Species present in 1-2 units 
Note: Only those hydrocarbon radical species with comparable concentration to the 
stable analog were included in this table. 
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\ Microjet Reactor Experiment 

Figure 1: Schematic of the VUV Photoionization Mass Spectrometer and i 
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Figure 2: Equilibrium Constants for the Dimerization of Allene to the 
1’2- and 1’3- Isomers of Dimethylenecydobutane 
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